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ABSTRACT 
MATHEMATICAL MODELS FOR USE IN PLANNING REGIONAL WATER 
RESOURCES AND ENERGY SYSTEMS 
E x i s t i n g  and p r o j e c t e d  energy f a c i l i t i e s  w i l l ,  i n  t h e  near f u t u r e ,  
p lace  major  demands on t h e  c o u n t r y ' s  water  resources. These demands com- 
pe te  w i t h  many o t h e r  uses o f  t h e  resources, i n c l u d i n g  mun ic ipa l  and indus-  
t r i a l  uses, nav iga t i on ,  i r r i g a t i o n ,  and water  q u a l i t y  maintenance. The 
p o s s i b l e  development o f  coa l  convers ion f a c i l i t i e s  presents  another  poten- 
t i a l  water  demand. Complex p u b l i c  sec to r  problems such as: 1  ) t he  e x t e n t  
and development o f  coa l  conversion capac i t y ,  2 )  i n t e r b a s i n  t r a n s f e r  o f  
water,  3)  c o o l i n g  technolog ies f o r  l a r g e  energy f a c i  1  i t i e s ,  4 )  d i v e r s i o n  
o f  Lake Michigan water,  and 5 )  a l l owab le  wi thdrawal  and consulnptive uses 
o f  r i v e r  water,  a l l  a r i s e  from t h e  i n t e r l o c k i n g  n a t u r e  o f  t h e  water  r e -  
sources-energy system. 
A1 though mathematical models cannot so l ve  these problems d i r e c t l y ,  
t hey  can be u s e f u l  i n  ga in i ng  i n s i g h t  i n t o  major  i ssues  assoc ia ted  w i t h  
po l  i c y  a1 t e r n a t i v e s .  With t h e  a i d  o f  such models , q u a n t i t a t i v e  t rends  
such as cos ts  and water  development p a t t e r n s  assoc ia ted  w i t h  each dec i s i on  
a l t e r n a t i v e  can be more r e a d i l y  i d e n t i f i e d .  
I n  t h i s  r e p o r t ,  mathematical models a r e  presented f o r  use i n  p lann ing  
a  reg iona l  a l l o c a t i o n  o f  water  f o r  energy f a c i l i t i e s  as w e l l  as f o r  o t h e r  
wate r  uses. These models i n c l u d e  components f o r  t h e  i n t e r r e l a t e d  water  
and energy subsystems. The use o f  these models i n  con junc t i on  w i t h  o t h e r  
e x i s t i n g  models i n  o r d e r  t o  p rov ide  a  b e t t e r  p i c t u r e  o f  t he  o v e r a l l  system 
i s  discussed. S ince t he  models use w i d e l y  a v a i l a b l e  computer codes, they  
a r e  p r a c t i c a l  and easy t o  u t i l i z e .  Example a p p l i c a t i o n s  a r e  presented, 
w i t h  a  d i scuss ion  o f  computat ional  r e s u l t s .  
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CHAPTER 1: SUMIVIARY, DISCUSSION, AND CONCLUSIONS 
INTRODUCTION 
It has become c l e a r  t h a t  t h e  Un i t ed  S ta tes  must develop new ways t o  meet 
i t s  growing energy needs. P o l l u t i o n  c o n t r o l  r e g u l a t i o n s  have l e d  t o  increased 
demands f o r  c lean-burn ing  f u e l s  such as petroleurr~ and n a t u r a l  gas. The domestic 
reserves o f  these f u e l s ,  however, w i l l  become i n c r e a s i n g l y  inadequate, and t he  
c o s t  and r e l i a b i l i t y  of f o r e i g n  supp l ies  i s  unce r ta i n .  
Much a t t e n t i o n  i s c u r r e n t l y  be ing g i ven  t o  u t i l i z i n g  t h e  v a s t  coal  reserves 
i n  t he  Ohio R i ve r  Basin area. Since much o f  t h i s  coa l  has a  h i g h  s u l f u r  con ten t ,  
major  research  e f f o r t s  a r e  underway t o  examine a l t e r n a t i v e  techno log ies  f o r  con- 
v e r t i n g  i t  t o  c lean-burn ing gaseous, l i q u i d ,  and s o l i d  f u e l s .  I n  a d d i t i o n  t o  . 
coa l ,  these processes r e q u i r e  l a r g e  supp l i es  o f  water  f o r  c o o l i n g  and t o  p rov ide  
t h e  hydrogen used i n  forming t h e  s y n t h e t i c  f u e l s .  Th is  p r o j e c t  has produced two 
s t a f f  r e p o r t s  c o n t a i n i n g  background i n f o r m a t i o n  on t h e  va r i ous  processes and t h e i r  
water  requi rements (see S tou t ,  1974). 
I n  a d d i t i o n  t o  v a s t  coal  resources, t he  Ohio R i ve r  Basin and nearby reg ions  
o f f e r  abundant water  resources. There are,  however, o t h e r  e x i s t i n g  and p o t e n t i a l  
demands f o r  these resources, i n c l u d i n g  mun ic ipa l  and i n d u s t r i a l  uses, e l e c t r i c i t y  
generat ion,  nav iga t i on ,  i r r i g a t i o n ,  and t he  maintenance o f  water  q u a l i t y .  Cu r ren t l y ,  
water  w i thdrawa ls  f o r  e l e c t r i c i t y  genera t ion  account f o r  t h e  l a r g e s t  percentage 
by f a r  o f  t he  t o t a l  water w i thdrawa ls  i n  t he  Ohio R i ve r  Basin.  Because t he  develop- 
ment o f  a  l a rge -sca le  coal -convers ion i n d u s t r y  would e x e r t  a  ma jo r  demand f o r  water,  
i t  may necess i t a te  new p o l i c i e s  and r e g u l a t o r y  programs a t  t he  s t a t e  l e v e l  f o r  
managing water  resources and a l l o c a t i n g  them among t h e  va r i ous  uses. For example, 
l e g i s l a t i o n  t o  e s t a b l i s h  a  water  pe rm i t  system was in t roduced i n  t h e  I l l i n o i s  
General Assembly (House B i l l  1786) i n  1975; t h i s  l e g i s l a t i o n  would a l s o  e s t a b l i s h  
a  Water Resource A u t h o r i t y  t o  p l a n  and r e g u l a t e  t h e  use o f  t he  s t a t e ' s  water  r e -  
sources. 
The water- resources and energy systems o f  a  r e g i o n  a r e  i n t e r l o c k i n g  i n  
na tu re  because o f  t he  ma jo r  water  demands f o r  energy f a c i l i t i e s .  The s tudy  
descr ibed here has examined some o f  t he  r e l a t i o n s h i p s  and i n t e r a c t i o n s  between 
those systems. The ob jec t i ves  o f  t h e  study have been: 
(1 )  To develop a mathematical model o f  a  reg iona l  water-resources 
system and t h e  i n t e r l o c k i n g  energy-product ion system; 
(2 )  To develop an o p t i m i z a t i o n  procedure f o r  use i n  p lann ing  a 
reg iona l  a l l o c a t i o n  p a t t e r n  f o r  supp ly ing  water t o  major 
energy f a c i l i t i e s  as we l l  as f o r  o t h e r  water needs; 
(3 )  To demonstrate t h e  impact t h a t  t h e  development o f  a  l a r g e  
energy i n d u s t r y  could have on the  a l l o c a t i o n  o f  water 
resources i n  a l a r g e  reg ion  such as the  Ohio R ive r  Basin. 
The p lann ing  model i s  in tended t o  serve as a t o o l  f o r  eva lua t i ng  some aspects 
o f  t he  major  p o l i c y  issues i n  a l a r g e  reg ion  such as a s ta te .  Examples o f  those 
issues are: ( 1 )  Should a l a r g e  coal-conversion i n d u s t r y  be developed and, i f  so, 
t o  what ex ten t?  ( 2 )  Should high-qua1 i ty  groundwater be used f o r  nonmunicipal 
purposes? (3 )  Should i n t e r b a s i n  t r a n s f e r s  o f  water be a l lowed? ( 4 )  Which c o o l i n g  
technologies should be used f o r  l a r g e  energy f a c i l  i t i e s ?  ( 5 )  Should a d d i t i o n a l  
Lake Michigan water be d i v e r t e d  t o  t he  s t a t e  of I l l i n o i s ?  ( 6 )  What water w i t h -  
drawals and consumptive use should be a l lowed f o r  t he  major  r i v e r s ?  
Issues such as these a re  complex pub l i c - sec to r  p lann ing  problems, and they  
cannot, o f  course, be resolved d i r e c t l y  by the  use o f  a  mathematical model. Quan- 
t i t a t i v e  screening models, however, can be very  useful  i n  ga in ing  i n s i g h t s  i n t o  
t he  r r~a jo r  issues associated w i t h  po l  i c y  a1 te rna t i ves .  Furthermore, q u a n t i t a t i v e  
ana l ys i s  techniques can be used t o  evaluate s p e c i f i c  p lann ing  a1 t e r n a t i v e s .  A1 - 
though judgment and p r e l i m i n a r y  c a l c u l a t i o n s  can be used--and i n  many cases a re  
necessary--to eva lua te  a dec i s i on  a l t e r n a t i v e ,  i n  many instances a p r a c t i c a l  
mathematical rr~odel can be used t o  look  a t  more o f  t he  system components, g i v i n g  
a c l e a r e r  p i c t u r e  o f  q u a n t i t a t i v e  t rends  (e.g., cos t  and water development pa t -  
t e rns ) .  
The mathematical model ( o u t l i n e d  below and i n  t he  nex t  chapter)  was developed 
w i t h  the  above c r i t e r i a  i n  mind. The bas ic  model was designed as a p re l im ina ry  
screening model capable o f  p rov id ing  q u a n t i t a t i v e  est imates o f  some o f  the  irnpor- 
t a n t  t rends  and t r a d e - o f f s  associated w i t h  major  p o l i c y  issues. The model can be 
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The fundamental i n t e r r e l a t i o n s h i p s  between t h e  water - resources and energy 
systems a re  i l l u s t r a t e d  i n  F i gu re  1.1. As i n d i c a t e d  i n  t h e  f i g u r e ,  t h e  model i s  
designed so t h a t  subregions, such as coun t ies ,  a r e  used as mun i c i pa l  and indus-  
t r i a l  water  demand p o i n t s  and as e l e c t r i c a l  energy and p i p e l i n e  gas supp ly  p o i n t s .  
Thus, l o c a t i o n s  a r e  n o t  chosen f o r  i n d i v i d u a l  power p l a n t s ;  r a t h e r ,  power p l a n t  
c a p a c i t i e s  a r e  l o c a t e d  i n  t h e  subreg ions.  Also,  t h e  f i g u r e  does n o t  i n d i c a t e  
t h e  r e t u r n  f l o w s  o f  wa te r  t o  t h e  source p o i n t s ,  a l though  these f l ows  a re  cons ider -  
ed i n  t h e  mathematical  model. 
The model presented i n  t h i s  r e p o r t  i s  s t a t i c  i n  t h e  sense t h a t  one 
p l ann ing  p e r i o d  (e.g., 25 yea rs )  i s  used. A  r r ~ u l t i p e r i o d  f o r m u l a t i o n  would r e q u i r e  
a  s t r a i g h t f o r w a r d  extens ion,  a  p o s s i b i l i t y  d iscussed i n  Appendix A. 
The d e c i s i o n  v a r i a b l e s ,  1  i s t e d  i n  Chaper 2  r ep resen t  ( 1  ) t h e  amounts o f  water,  
c o a l ,  e l e c t r i c i t y ,  and p i p e l i n e  gas t r a n s p o r t e d  f rom supp ly  p o i r ~ t s  t o  derr~and p o i n t s ,  
and ( 2 )  t h e  e l e c t r i c i t y  and gas gene ra t i ng  c a p a c i t i e s  l o c a t e d  a t  each supp ly  p o i n t .  
E l e c t r i c - p l a n t  c a p a c i t y  i s  subd iv ided  i n t o  nuc lea r  and c o a l - f i r e d  p l a n t  c a p a c i t i e s  
because t h e  f u e l  and water  requi rements  a re  d i f f e r e n t .  
A  complete l i s t  o f  t h e  model 's  parameters i s  a l s o  g i ven  i n  Chapter 2. They 
s p e c i f y  ( 1 )  the amounts o f  coa l  and water  resources a v a i l a b l e  f o r  development a t  
t h e  v a r i o u s  source p o i n t s  and ( 2 )  t h e  demand 1  eve1 s  f o r  addi  ti onal  .water,  p ipe1 i ne - 
gas, and e l e c t r i c i t y .  Other  paramenters a re  used t o  match t h e  l e v e l s  o f  t h e  r e -  
sources ( i n p u t s )  and t h e  p roduc ts  ( ou tpu t s )  a t  t h e  energy f a c i l i t i e s .  For t h i s  
purpose, i t  i s  assumed i n  t h e  bas ic  model t h a t  a  coo l  i n g  techno1 ogy i s  p respec i  - 
f i e d  f o r  each subreg ion ( supp l y  p o i n t ) .  Th i s  assumption i s  n o t  necessary, however; 
and t h e  rr~odel car1 be r r ~ o d i f i e d  t o  a l l o w  f o r  a1 t e r r ~ a t i v e  coo l  i n g  techno log ies ,  as 
d iscussed i n  Chapter 3. 
The o b j e c t i v e  f u n c t i o n ,  which i s  t o  be minimized, i s  t h e  sum o f  t h e  s i t e -  
dependent supp ly  cos t s  o f  wa te r  and t h e  t r a n s p o r t a t i o n  cos t s  f o r  water ,  coa l ,  
e l e c t r i c i t y ,  and gas. The supp ly  cos t s  d i f f e r  f o r  r i v e r ,  groundwater, and 
r e s e r v o i r  sources because t h e  f a c i  1  i ti es r e q u i r e d  a r e  d i f f e r e n t  (e .  g  . , dams, we1 1  s )  
and because d i f f e r e n t  u n i t  processes a re  necessary f o r  wa te r  t rea tment .  The c o s t  
f a c t o r s  a re  descr ibed  i n  more d e t a i l  i n  Chapter 2. 
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For t h e  purpose o f  model development, t h e  c o s t  o f  m in ing  and p r e t r e a t i n g  
coal  has been assumed t o  be s i te- independent .  Th i s  assumption i m p l i e  s t h a t  t h e  
cos t s  a r e  f i x e d  and t h e r e f o r e  nonopt imizable.  A l though i n  t h i s  s tudy  min ing  
cos t s  a r e  n o t  considered, i n  an ac tua l  appl i c a t i o n  o f  t h e  model , cos ts  of t h i s  t ype  
cou ld  be added t o  t h e  c o s t  o f  t r a n s p o r t i n g  coal  f ror r~ each o f  t h e  var ious  source 
p o i n t s .  
A s i m i l a r  assumption was made about t h e  cos t s  o f  c o n s t r u c t i n g  and ope ra t i ng  
power p l a n t s .  These cos t s  a r e  ve ry  i r l ipor tant  f o r  s t eam-e lec t r i c  p l a n t s  when t h e  
mix  o f  d i f f e r e n t  p l a n t  types i s  planned. Mathematical  programming models have 
a l s o  been used t o  he lp  s o l v e  t h a t  problem (see t h e  re fe rences  c i t e d  above). Those 
models, however, o f t e n  do n o t  cons ider  t h e  e f f e c t  o f  p l a n t  l o c a t i o n ,  s ince  many 
of t h e  r r~a jo r  cos ts  a r e  s i te- independent .  Because t he  model presented here does 
cons ider  some o f  t h e  f a c t o r s  dependent on l o c a t i o n  (e.g., water  supply  and t r ans -  
m iss i on  cos t s ) ,  i t  cou ld  be used i n  con junc t i on  w i t h  those o t h e r  p lann ing  models 
t o  p rov ide  a  more complete eva lua t i on .  
L ikewise,  t h e  cos t s  o f  c o n s t r u c t i n g  and ope ra t i ng  l a r g e  coal  g a s i f i c a t i o n  
( o r  coal  convers ion)  p l a n t s  a re  l a r g e l y  s i  te- independent and w i  11 be eva lua ted  
when they  a r e  planned. The model presented here could,  however, be used t o  t ake  
i n t o  account any o f  t h e  s i te-dependent  cos t s  which app ly  u n i f o r m l y  t o  each u n i t  
o f  p l a n t  c a p a c i t y  l o c a t e d  i n  a  g i ven  subregion. 
1.3 DISCUSSION AND CONCLUSIONS 
Throughout t h e  s tudy  t h e  main cha l lenge  was t o  develop a  model t h a t  would 
cap tu re  as much r e a l i s m  as poss ib l e  and y e t  s t a y  w i t h i n  t h e  bounds o f  p r a c t i c a l i t y .  
One main approach t o  t h i s  end was t o  use subregions, such as coun t ies ,  as " s i t e s "  
f o r  l o c a t i n g  e n e r g y - f a c i l i t y  c a p a c i t i e s  r a t h e r  than i n d i v i d u a l  p l a n t s .  Th is  
approach has i n t u i t i v e  appeal and i s  c o n s i s t e n t  w i t h  c u r r e n t  energy-systems 
p lann ing .  S i t i n g  s t u d i e s  a r e  t y p i c a l  l y  c a r r i e d  o u t  h i e r a r c h i c a l  ly ,  t h e  f i r s t  s t ep  
be ing  t o  screen subregions w i t h i n  a  l a r g e r  r e g i o n  and t h e  second s tep  be ing t o  
examine i n  d e t a i l  s p e c i f i c  s i t e s  w i t h i n  t h e  a t t r a c t i v e  subregions. A p r e l i m i n a r y  
screening model, used i n  t h e  f i r s t  s t ep  o f  such a  procedure, would be used i n  
con junc t i on  w i t h  o t h e r  p l ann ing  models and a n a l y s i s  methods. 
This approach ( the  screening of subregions) i s  very important because i t  
decreases the required number of mathematical constraints,  greatly reducing 
computer running time and the d i f f icu l ty  in interpreting solutions. I t  also 
1 owers the number of variables, reducing data preparation requirerrlents. Mhen 
applied to  example data for the ent i re  s t a t e  of I l l i no i s ,  roughly 400 constraints 
and 4,000 variables were required using one model variation, and 500 constraints 
and 7,500 variables were required using another variation. A model of th is  size 
i s  practical , since very simple u t i l  i  ty  computer programs can be used to  generate 
most of the program data base and since the computer expenses are affordable 
(from $20 to  $100 per exarrlple run, with the more costly runs being for parameteriza- 
tion purposes). 
As mentioned above, the screening model presented here i s  designed for  use 
in conjunction with other planning methods and models. Population projections 
and economic models would be needed to  estimate the demand levels for water, 
e l ec t r i c i ty ,  gas, and other coal conversion products. The desired mix of nuclear 
and fossil-fuel steam-electric plants could be temporarily assumed, based on 
u t i l i t y  plans made with the aid of rnathernatical programming models (see,  for ex- 
ample, Gately, 1970, and Anderson, 1972). The screening model could then be used 
along with planning judgement to examine issues on a regional basis, such as for 
an ent i re  s t a t e .  
Specific regional patterns could be selected and evaluated in more detail  
using a simulation model for the en t i re  region. In addition, each subsystem 
(water, pipe1 i ne gas, and e l ec t r i c i ty )  could be evaluated individually. For 
example, the electr ical  u t i l i t i e s  could reevaluate the i r  models for selected 
regional plans. Finally, more detailed analyses could be made on a subregional 
basis to  evaluateindividual s i t e s  for  f a c i l i t i e s  such as power plants, coal 
conversion plants, reservoirs, and groundwater well f ie lds  and to evaluate indivi- 
dual transmission routes for e lec t r ic i ty  and pipeline routes for water and gas. 
Optimization and simulation models might be used for  any of these analyses. For 
example, the thermal pollution aspects of specific s i t e s  can be evaluated using 
a rnodel such as the one presented by Shiers and Marks (1973). As another example, 
i f  cooling towers are selected for  a given power plant, then mathematical models 
could be used to determine the minimum cost design (Croley st aZ., 1975). After 
us ing  t h e  screening model, however, d e t a i l e d  da ta  f o r  i n d i v i d u a l  s i t e s  and 
rou tes  and r e f i n e d  a n a l y s i s  s teps would be needed o n l y  f o r  t h e  a l t e r n a t i v e s  
se lec ted .  
As discussed i n  t h e  i n t r o d u c t o r y  sec t ion ,  t h e  p lann ing  model has been 
designed as a  means o f  g a i n i n g  i n s i g h t s  i n t o  t he  t rends  and t r a d e - o f f s  assoc ia ted  
w i t h  ma jo r  p o l i c y  issues.  The o b j e c t i v e  f unc t i on  o f  t he  model addresses t h e  
reg ion-wide economic -e f f i c iency  o b j e c t i v e .  The model, however, i s  designed f o r  
per fo rming  t h e  most bas i c  t ype  o f  m u l t i o b j e c t i v e  analyses by examining d i f f e r e n t  
scenar ios and by us ing  s e n s i t i v i t y  and pa rame te r i za t i on  techniques.  
As examples, cons ider  t h e  p o l i c y  i ssues  l i s t e d  i n s e c t i o n  1.1. By va ry i ng  
t h e  r e q u i r e d  p i p e l i n e  gas p roduc t i on  i nc remen ta l l y  f rom one extreme--complete 
i m p o r t a t i o n - - t o  t h e  o ther - -a  h i g h  l e v e l  o f  expo r ta t i on ,  t h e  impact on t h e  water 
resources and coa l  development can be i l l u s t r a t e d .  The incrementa l  s o l u t i o n s  
would i n d i c a t e  t h e  inc reases  i n  t h e  reg iona l  c o s t  ( f o r  t h e  c o s t  f a c t o r s  i nc l uded  
i n  t h e  model) and would i l l u s t r a t e  t h e  secondary e f f e c t s  on wate r  resources develop- 
rrlent, mun ic ipa l  wa te r  supply,  and t he  e l e c t r i c a l  power system. I n  a  s i m i l a r  way, 
t h e  model can be used t o  s tudy  t he  e f f e c t s  o f  va ry i ng  t h e  a l l o w a b l e  i n t e r b a s i n  
t r a n s f e r s ,  and a l s o  t h e  a l l owab le  Lake Michigan d i ve rs i on ,  and a l l owab le  w i t h -  
drawals f rom r i v e r s ,  t o  examine t h e  s e n s i t i v i t y  o f  t h e  s o l u t i o n s  t o  d i f f e r e n t  
cool  i n g  wate r  r e g u l a t i o n s .  
The bas ic  l i n e a r  programming (LP) model and t he  two v a r i a t i o n s  used f o r  t h e  
exarnple a p p l i c a t i o n  t o  I l l i n o i s  a r e  descr ibed  i n  Chapter 2. The example s o l u t i o n s  
i l l u s t r a t e  t h e  u t i l i t y  o f  t h e  model f o r  screening a  l a r g e  r e g i o n  t o  i d e n t i f y  sub- 
r eg ions  where i t  may be d e s i r a b l e  t o  l o c a t e  l a r g e  energy f a c i l i t i e s .  Furtherrrlore, 
a  s e n s i t i v i t y  a n a l y s i s  can be used t o  i d e n t i f y  t he  changes i n  t h e  s o l u t i o n  which 
would r e s u l t  f rom smal l  changes i n  parameter values. These changes s p e c i f y  d i f -  
f e r e n t  p lann ing  a l t e r n a t i v e s  which can be examined i n  more d e t a i l .  Also, example 
pa rame te r i za t i on  runs  were used t o  demonstrate t h e  u t i l i t y  o f  t h e  model f o r  ex- 
amining t h e  e f f e c t s  o f  changing parameter values over  a  wide range. 
The I l l i n o i s  a p p l i c a t i o n  h i g h l i g h t s  t h e  ma jo r  impact  t h a t  t h e  development of 
a  l a r g e  energy i n d u s t r y  cou ld  have on t h e  a l l o c a t i o n  o f  t h e  wate r  resources of a  
l a r g e  reg ion .  I n  a l l  cases, t h e  c o o l i n g  wa te r  cos t s  represen ted  a  ve ry  l a r g e  
percentage o f  t h e  t o t a l  system cos t s .  Furthermore, a  pa rame te r i za t i on  r u n  t h a t  
i n c r e m e n t a l l y  increased t h e  demand l e v e l s  f o r  p i p e l i n e  gas showed t h a t  t h e  
wa te r  a l l o c a t i o n  p a t t e r n s  changed s i g n i f i c a n t l y  a t  d i f f e r e n t  l e v e l s .  Th i s  
example underscores t h e  mode l ' s  c a p a b i l i t y  f o r  examining t h e  secondary impacts 
t h a t  may r e s u l t  f rom a  l a r g e  change i n  one component o f  t h e  i n t e r l o c k i n g  wate r -  
resources and energy systems. 
The same example i s  a l s o  used t o  i 11 u s t r a t e  how t h e  dual  v a r i a b l e s  ( o r  
shadow p r i c e s )  g i v e  t h e  change i n  t h e  o b j e c t i v e  f u n c t i o n  which would r e s u l t  f rom 
a  u n i t  change i n  t h e  requi rement  imposed by each c o n s t r a i n t .  I f  t h e  demand l e v e l  
f o r  p i p e l i n e  gas a t  one l o a d  c e n t e r  i s  inc reased  by a  smal l  arr~ount, then  t h e  
co r respond i r~g  dual  v a r i a b l e  g i ves  t h e  u n i t  c o s t  of t h i s  change. The u n i t  c o s t  ' 
t akes  i n t o  account t h e  secondary e f f e c t s  on a l l  o f  t h e  components cons idered i n  
t h e  model as w e l l  as t h e  cos t s  d i r e c t l y  r e l a t e d  t o  supp l y i ng  t h e  p i p e l i n e  gas. 
A marg ina l  c o s t  curve,  o r  supp ly  curve,  can be p l o t t e d  us i ng  va lues o f  t h i s  dual  
v a r i a b l e  f o r  a l l  o f  t h e  d i f f e r e n t  s o l u t i o n s  ob ta i ned  f rom t h e  pa rame te r i za t i on  
run .  The example cu rve  g i ven  i n  Sec t i on  2.3.3 shows s i g n i f i c a n t  inc reases  i n  
t h e  marg ina l  c o s t  o f  supp l y i ng  l a r g e  amounts o f  p ipe1  i n e  gas f rom coa l  convers ion.  
Chapter 3 d iscusses two ex tens ions  o f  t h e  model which cons ide r  a l t e r n a t i v e  
c o o l i n g  t echno log ies  i n  each subreg ion.  One ex tens ion  cons iders  a  f i x e d  wate r  
requ i rement  f o r  each a l t e r n a t i v e  technology;  t h e  r e s u l t i n g  m o d i f i e d  l i n e a r  pro-  
gramming model has been demonstrated f o r  t h e  s t a t e  o f  I l l i n o i s .  S ince d i f f e r e n t  
mixes of  c o o l i n g  systems were found under d i f f e r e n t  c o n d i t i o n s ,  a l t e r n a t i v e  c o o l -  
i n g  systems, i f  t h e y  a r e  t o  be cons idered,  should  be i n c l u d e d  i n  t h e  p r e l i m i n a r y  
sc reen ing  model. The second ex tens ion  a l l o w s  t h e  wate r  requ i rement  t o  v a r y  f o r  
each o f  t h e  d i f f e r e n t  coo l  i n g  a1 t e r n a t i v e s .  The r e s u l t i n g  mathematical  program 
has n o n l i n e a r  c o n s t r a i n t s  b u t  can be eva lua ted  us i ng  separab le  programming. Th i s  
approach i s  demonstrated f o r  a  14.-county r e g i o n  i n  western I l l i n o i s  and i t  i s  
shown t h a t  good s o l u t i o n s  can be found w i t h i n  a  reasonable  amount o f  computer t ime .  
S ince t h i s  t ype  o f  p l ann ing  model i s  designed f o r  f r equen t  use, t h e  p o s s i b i l i t y  
o f  u s i n g  a  more e f f i c i e n t  netwok a l g o r i t h m  f o r  s o l v i n g  t h e  mathematical  program 
was examined; t h e  approach i s  d iscussed i n  Chapter 4. Wi th  one m o d i f i c a t i o n ,  t h e  
f i r s t  v a r i a t i o n  o f  t he  model f o r  t he  s t a t e  o f  I l l i n o i s  was w r i t t e n  as a  t r a n s -  
shipment problem us ing  t h e  concept o f  e q u i v a l e n t  f l ows  t o  express water,  p ipe-  
l i n e  gas, and e l e c t r i c i t y  as a  s i n g l e  f l o w  commodity ( i n  wate r  u n i t s ) .  The 
t ransshipment  f o r m u l a t i o n  was eva lua ted  f o r  t h e  I 1  l i n o i s  example us ing  t he  
o u t - o f - k i l t e r  a lgor i thm,  and i t  was observed t h a t  network a l go r i t hms  a r e  much 
more e f f i c i e n t  than t h e  simplex a l g o r i t h m  f o r  s o l v i n g  t h e  g iven  f o rmu la t i on .  
A d d i t i o n a l  research i s  underway i n  t h i s  area s i nce  more e f f i c i e n t  s o l u t i o n  
methods inc rease  t he  p r a c t i c a l  l i m i t  on t he  problem s i ze .  Th i s  c a p a b i l i t y  may 
be impo r tan t  f o r  d isaggrega t ing  some o f  t h e  supply  o r  demand p o i n t s ,  f o r  con- 
s i d e r i n g  l a r g e  reg ions ,  o r  f o r  mod i f y i ng  t he  rr~odel t o  account f o r  severa l  t ime  
per iods.  The l a t t e r  m o d i f i c a t i o n  i s  s t r a i g h t f o r w a r d  and i s  d iscussed i n  Appen- 
d i x  A. 
Thus, t h i s  s tudy has developed a  bas ic  p l ann ing  model w i t h  severa l  v a r i a t i o n s  
f o r  use i n  examining t he  i n t e r l o c k i n g  water- resources and energy systems o f  a  
l a r g e  reg ion .  The example a p p l i c a t i o n s  demonstrate t h e  p r a c t i c a l i t y  o f  t h e  
method and i l l u s t r a t e  t h e  impact o f  t h e  energy system on t h e  water-resources 
system. I t  should be emphasized t h a t  t he  s o l u t i o n s ,  which were ob ta ined  f o r  
demonstrat ion purposes, r e f l e c t  many assumptions and t h e r e f o r e  should n o t  be 
cons idered as suggest ing s p e c i f i c  recommendations f o r  t h e  s t a t e  o f  I 1  1  i n o i s .  
Fu tu re  research, however, w i l l  be aimed a t  us i ng  t he  model as p a r t  o f  a  program 
t o  i n v e s t i g a t e  some o f  t he  p lann ing  i ssues  i n  t h e  Great Lakes area and i n  t he  
Ohio R i v e r  Basin.  The e x i s t i n g  model dea ls  o n l y  i m p l i c i t l y  w i t h  water  q u a l i t y  
c o n s t r a i n t s  f o r  t h e  waterways. For example, minimal f l o w  requi rements a re  
i m p l i e d  by t h e  wi thdrawal  and consumption l i m i t s  f o r  r i v e r s .  The model does 
no t ,  however, cons ider  exp l  i c i  t water  qua1 i ty  standards, and i t  i s  recornmended 
t h a t  f u t u r e  research address t h a t  f a c t o r  as w e l l .  
CHAPTER 2: BASIC LINEAR PROGRAMMING MODEL AND EXAMPLE APPLICATION TO ILLINOIS 
2.1 INTRODUCTION 
T h i s  c h a p t e r  d e s c r i b e s  a  genera l  l i n e a r  programming (LP) model o f  t h e  
r e g i o n a l  w a t e r  resources  and energy systems and i l l u s t r a t e s  i t s  use t h r o u g h  ex- 
ample a p p l i c a t i o n s  t o  d a t a  f o r  t h e  s t a t e  o f  I l l i n o i s .  The genera l  LP model would 
most l i k e l y  be m o d i f i e d  i n  a  un ique  way f o r  a  s p e c i f i c  a p p l i c a t i o n ,  as demonst ra t -  
ed by t h e  examples. 
2.2 MODEL DESCRIPTION 
2.2.1 N o t a t i o n  
The n o t a t i o n  used i n  t h i s  c h a p t e r  i s  g i v e n  below: 
a. Indices 
i = groundwater s u p p l y  p o i n t  
j = r i v e r w a t e r  s u p p l y  segment 
k  = r e s e r v o i r  wa te r  s u p p l y  p o i n t  
m = subreg ion,  such as a  coun ty  
a  = c o a l  s u p p l y  p o i n t  
p  = p i p e l i n e  gas demand p o i n t  
q  = e l e c t r i c i t y  demand p o i n t  
b  . Decision Variables 
= amount o f  w a t e r  s e n t  f rom groundwater source i dim. dim. dim 
t o  subreg ion  m f o r  m u n i c i p a l  and i n d u s t r i a l  demands 
(MID), g a s i f i c a t i o n ,  and e l e c t r i c a l  power g e n e r a t i o n ,  
r e s p e c t i v e l y  ( g a l  l o n s  p e r  m inu te ,  GPM. ) 
r rG rE = amount o f  w a t e r  s e n t  f r o m  r e s e r v o i r  k  t o  subreg ion  km' km' km 
m f o r  M I D ,  g a s i f i c a t i o n ,  and e l e c t r i c a l  power gen- 
e r a t i o n ,  r e s p e c t i v e l y  (GPM) . 
= amount o f  wa te r  s e n t  f rom r i v e r  segment j t o  
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subreg ion m  f o r  M I D ,  g a s i f i c a t i o n ,  and e l e c t r i c a l  
power genera t ion ,  r e s p e c t i v e l y  (GPM) . 
Groups o f  these v a r i a b l e s  can be om i t t ed  i n  cases where subreg ion m has no 
M I D  demand o r  where l ong -d i s t ance  shipments a r e  judged i m p r a c t i c a l .  A l l  o f  these 
wate r  a l l o c a t i o n s  a re i nc remen ta l ,  s i nce  t h e y  a re  i n  a d d i t i o n  t o  e x i s t i n g  a l l o c a t i o n s .  
m 
= coa l  - g a s i f i c a t i o n  p l a n t  c a p a c i t y  1  ocated i n  subreg ion m. 
Th i s  c a p a c i t y  i s  expressed i n  terms o f  t h e  cor responding 
number of u n i t - s i z e  g a s i f i c a t i o n  p l a n t s  ( t h e  u n i t - s i z e  i s  
g i ven  by t h e  cons tan t  GP). 
tm = c o a l - f i r e d  s t eam-e lec t r i c  p l a n t  c a p a c i t y  l o c a t e d  i n  sub- 
r e g i o n  m, expressed as number of u n i t - s i z e  p l a n t s .  
t/ = n u c l e a r  p l a n t  c a p a c i t y  l o c a t e d  i n  subreg ion m y  expressed 
as number o f  u n i t - s i z e  p l a n t s .  
These v a r i a b l e s  a r e  cont inuous,  i m p l y i n g  t h a t  new p l a n t  c a p a c i t i e s  can t ake  
any nonzero va lue .  T h i s  c h a r a c t e r i s t i c  i s  accep tab le  s i n c e  t h e  model i s  designed 
t o  l o c a t e  capac i t y ,  n o t  i n d i v i d u a l  p l a n t s ,  and s i nce  i t  i s  designed f o r  p r e l i m i n -  
a r y  sc reen ing  purposes. For  example, t h e  subregions t h a t  a r e  se l ec ted  by t h e  
model f o r  deve lop ing  c o a l - g a s i f i c a t i o n  p l a n t  c a p a c i t i e s  m igh t  be ranked by t h e  
t o t a l  p l a n t  c a p a c i t y  t o  g i v e  an i n d i c a t i o n  o f  t h e i r  r e l a t i v e  d e s i r a b i l i t y .  
x xG xE = coa l  t r anspo r t ed  f rom source h t o  subreg ion m omy om' om 
f o r  mun ic ipa l  and i n d u s t r i a l  uses, g a s i f i c a t i o n ,  
and e l e c t r i c a l  genera t ion ,  r e s p e c t i v e l y  ( t o n s l d a y )  . 
grnp 
= p i p e l i n e  gas sen t  f rom subreg ion m t o  demand p o i n t  p  
(s tandard  cub i c  f e e t  pe r  day, SCFD). 
e  
mq 
= e l e c t r i c i t y  sen t  f rom subreg ion m t o  demand p o i n t  q  
(megawatts, MW). 
, c. Constants 
Di = amount o f  wa te r  a v a i l a b l e  f rom groundwater source i (GPM). 
Wm = amount o f  water  a v a i l a b l e  f rom r i v e r  segment j (GPM). 
Rk = amount o f  wa te r  a v a i l a b l e  f rom r e s e r v o i r  k  (GPM). 
RGmj = amount o f  wa te r  r e t u r n e d  t o  r i v e r  segment j f rom a  u n i t -  
s i z e  c o a l - g a s i f i c a t i o n  p l a n t  i n  subreg ion  m (GPM). 
REmj = amount o f  water  r e t u r n e d  t o  r i v e r  segment j f rom a  u n i t -  
s i z e  c o a l - f i r e d  e l e c t r i c  p l a n t  i n  subreg ion m  (GPM) .  
RNm j = amount o f  wa te r  r e t u r n e d  t o  r i v e r  segment j f rom a  u n i t -  
s i z e  nuc lea r  power p l a n t  i n  subreg ion m  (GPM). 
MID, = amount o f  wa te r  r e q u i r e d  f o r  mun i c i pa l  and i n d u s t r i a l  
purposes i n  subreg ion m (GPM). 
WG = amount o f  wa te r  r e q u i r e d  by a  u n i t - s i z e  c o a l - g a s i f i c a t i o n  
p l a n t  (GPM). 
WE = arnount o f  water  r e q u i r e d  by a  u n i t - s i z e  c o a l - f i r e d  steam- 
e l e c t r i c  p l a n t  (GPM) . 
WEN = amount o f  wa te r  r e q u i r e d  by a  u n i t - s i z e  nuc. lear power 
p l a n t  (GPM). 
o  = amount o f  coa l  a v a i l a b l e  a t  p o i n t  h  ( tons /day)  . 
MI:CDm = amount o f  coa l  r e q u i r e d  f o r  mun i c i pa l  and power i n d u s t r i a l  
purposes ( o t h e r  than  e l e c t r i c a l  power gene ra t i on )  i n  sub- 
r e g i o n  m  ( tons/day)  . 
CG = amount o f  coa l  r e q u i r e d  by a  u n i t - s i z e  c o a l - g a s i f i c a t i o n  
p l a n t  ( tons /day)  . 
CE = amount o f  coa l  r e q u i r e d  by a  u n i t - s i z e  s t ea rn -e l ec t r i c  
p l a n t  . ( tons /day)  . 
GP = amount o f  gas produced by  a  u n i  t - s i z e  coa l  - g a s i f i c a t i o n  
p l a n t  (SCFD) . 
GDp 
= amount o f  gas demanded a t  demand p o i n t  p  (SCFD) 
EP = arr~ount o f  e l e c t r i c i t y  produced by a  u n i t - s i z e  steam- 
e l e c t r i c  p l a n t  (MW) . 
ED = amount o f  e l e c t r i c i t y  demanded a t  p o i n t  q  d u r i n g  peak 
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pe r i ods  (MW) . 
B 
m q  
= percentage o f  power l o s t  i n  t r ansm iss i on  o f  e l e c t r i c i t y  
between coun ty  m  and demand p o i n t  q. 
A1 1  supp ly  and demand cons tan ts  r e f l e c t  1  i n ~ i t s  on t h e  incrernental  use o f  
resources and on inc rementa l  demands f o r  new energy f a c i  1  i t i e s  and a d d i t i o n a l  water  
a l l o c a t i o n s .  
2.2.2 O b j e c t i v e  Func t ion  
The c o s t  i tems t h a t  should  be used w i t h  t h e  model a r e  those  which depend 
most on t h e  resources 'development p a t t e r n  used t o  meet demands f o r  water ,  p i pe -  
l i n e  gas, and e l e c t r i c i t y .  These cos t s  a r e  t h e  inc rementa l  cos t s  t h a t  a r e  
op t im i zab le ;  c o s t s  which a r e  e i t h e r  sunk c o s t s  o r  f i x e d  c o s t s  should  n o t  be 
cons idered,  s i n c e  t h e y  do n o t  depend on t h e  p a t t e r n  o f  development. 
a. Cost Items. The c o s t  i tems t h a t  should  be cons idered a r e  l i s t e d  i n  
Table  2.1. It may be poss ib l e ,  however, i n  a  p a r t i c u l a r  a p p l i c a t i o n  o f  t h e  model 
t o  eva lua te  t h e  c o s t  da ta  and e l i m i n a t e  those p o s s i b i l i t i e s  t h a t  a r e  c l e a r l y  i m -  
p r a c t i c a l  o r  dominated by o t h e r  op t i ons .  For  t h e  I l l i n o i s  example, i t  was p o s s i b l e  
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t o  show t h a t  t h e  c o s t  o f  p i p i n g  wate r  i n  t h e  amount needed f o r  wet c o o l i n g  
towers would be l e s s  than  t h e  c o s t  o f  t r a n s p o r t i n g  coa l  t o  t h e  wa te r  supp ly  
p o i n t  even i f  i t  were necessary t o  send t h e  gas o r  e l e c t r i c i t y  produced back 
t o  t h e  wate r  supp ly  p o i n t  (see Appendix B ) .  Thus, a  c o s t  m i n i m i z i n g  s o l u t i o n  
\,vould never  i n c l u d e  coa l  shipments, and t h e  coa l  shipment v a r i a b l e s  cou ld  be 
e l i m i n a t e d  f rom t h e  mathematical  programming model. As d iscussed i n  t h e  f o l -  
1  owing d e s c r i p t i o n  o f  t h e  c o n s t r a i n t s  , t h i s  r e s u l  t a1 1 owed severa l  c o n s t r a i n t  
s e t s  t o  be combined. A l though t h i s  r e s u l t  w i l l  n o t  n e c e s s a r i l y  h o l d  i n  o t h e r  
cases ( f o r  example, when once-through c o o l i n g  i s  a1 lowed f o r  power p l a n t s ) ,  
i n  any a p p l i c a t i o n  t h e  da ta  should  be eva lua ted  t o  determine whether t h e  s i z e  
of t h e  mathematical  programming problem can be reduced. 
For t h e  I l l i n o i s  examples, annual cos t s  were used based on an 8% d i scoun t  
r a te . *  Also,  t h i s  example s tudy  d i d  n o t  cons ide r  t h e  e x i s t i n g  t r ansm iss i on  
1  i n e s  f o r  e l e c t r i c i t y ,  p ipe1  i n e s  f o r  gas, n o r  r e s e r v o i r s ,  we1 1  s  , t rea tmen t  fa- 
c i l i t i e s ,  and p i p e l i n e s  f o r  water .  T h i s  s i m p l i f i c a t i o n  i s  r e a l i s t i c  t o  a  l a r g e  
degree because most o f  t h e  e x i s t i n g  f a c i l i t i e s  a r e  e i t h e r  used a t  c a p a c i t y  o r  
committed f o r  f u t u r e  use. As ment ioned th roughou t  t h i s  chap te r ,  t h e  model con- 
s i d e r s  t h e  ma jo r  incrementa l  p roduc t  demands which must be met p r i m a r i l y  by 
new, l a r g e - s c a l e  resources development which u s u a l l y  occurs  across subreg iona l  
boundar ies.  Loca l  supp l i es  o f  water ,  f o r  example, a re  n e t t e d  o u t  i n  c a l c u l a t i n g  
t h e  water  demands t h a t  must be met by ma jo r  new f a c i l i t i e s .  The model i s  de- 
s igned t o  cons ide r  t h e  v a r i a b l e  cos ts  o f  these  ma jo r  f a c i l i t i e s .  I n  an app l i ca -  
t i o n  o f  t h e  model, however, any e x i s t i n g  f a c i l i t i e s  which do  have uncommitted 
c a p a c i t y  cou ld  be r e a d i l y  taken  i n t o  account. The use o f  such f a c i l i t i e s  ( f o r  
any ca tegory  o f  t h e  v a r i a b l e )  cou ld  be cons idered as a  v a r i a b l e  and t h e  c o s t  
c o e f f i c i e n t  would i n c l u d e  t h e  o p e r a t i o n  and maintenance cos ts  b u t  n o t  t h e  con- 
s t r u c t i o n  cos ts .  Art example, a l though  u n l i k e l y ,  i s  t h e  case i n  which a  s e c t i o n  
o f  a  l a r g e ,  i n t e r s t a t e  n a t u r a l  gas p i p e l i n e  would be made a v a i l a b l e  f o r  i n t r a -  
s t a t e  use. 
For  demonst ra t ion purposes i n  t h e  example s tudy,  none of t h e  cos t s  assoc ia ted  
w i t h  coa l  supp l i es  were cons idered;  t h i s  s i m p l i f i c a t i o n  i s  r e a l i s t i c  o n l y  i f  t h e  
min ing  and coa l  t r ea tmen t  c o s t s  a r e  f i x e d  ( independent o f  t h e  coa l  source) .  A lso,  
t h e  cos t s  assoc ia ted  w i t h  c o n s t r u c t i n g  power f a c i l i t i e s  were assumed t o  be s i t e -  
independent.  I n  an a p p l i c a t i o n  where any o f  these cos t s  va r y  s i g n i f i c a n t l y ,  u n i t  
*Costs were expressed i n  1973 d o l l a r s  us i ng  t h e  Eng ineer ing  News Record 
Cons t ruc t i on  Cost Index. 
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t h e i r  i n t e r r e l a t i o n s h i p s .  For t h i s  t y p e  o f  model, which i s  designed t o  l o o k  a t  
t r ends  and t r a d e - o f f s  f o r  a  l a r g e  reg ion ,  t h e  many s i m p l i f i c a t i o n s  a r e  judged 
reasonable.  Moreover, t h e  r e s t r i c t i o n s  descr ibed  above a r e  i n h e r e n t  i n  any l i n e a r  
programming model and, i n  many cases, l i m i t  such a  model 's  r o l e  t o  screening 
purposes. More d e t a i l e d  analyses, o f  course, should  be c a r r i e d  o u t  f o r  t h e  i n d i v i d -  
ua l  subsystems, f o r  geographica l  subreg ions,  and f o r  a  r e l a t i v e l y  smal l  number o f  
a l t e r n a t i v e  development p a t t e r n s  f o r  t h e  e n t i r e  r eg ion .  
c. Using the Mode2 t o  Examine Trade-offs Between Different Objectives. 
The o b j e c t i v e  f u n c t i o n  s p e c i f i e d  here addresses one p l ann ing  o b j e c t i v e :  o v e r a l l  
economic e f f i c i e n c y .  The p l ann ing  process i s ,  o f  course, r n u l t i o b j e c t i v e  i n  na tu re ,  
and, i n  f a c t ,  t h e  model i s  designed t o  l o o k  a t  t r ends  and t r a d e - o f f s  assoc ia ted  
w i t h  many p o l i c y  i ssues .  For example, wa te r  q u a l i t y  o b j e c t i v e s  a r e  impo r tan t  i n  
p l a c i n g  l i m i t s  on w i t hd rawa l s  f rom r i v e r s .  The t r a d e - o f f  between r e g i o n a l  c o s t  
and more s t r i n g e n t  w i thd rawa l  l i m i t s  cou ld  be examined, and t h e  changes i n  t h e  
p a t t e r n  o f  resources development cou ld  be observed. I n  genera l  , t h e  mathematical  
programming model cou ld  be used t o  eva lua te  t h e  s e n s i t i v i t y  o f  a1 t e r n a t i v e  s o l u -  
t i o n s  and t o  examine i ssues  us i ng  pa rame te r i za t i on  runs  ( a l s o ,  see t h e  d iscuss ions  
i n  Sec t ions  1.3 and 2.3). 
I n  a d d i t i o n ,  i t  i s  d e s i r a b l e  t o  examine t h e  development p a t t e r n s  o f  t h e  water ,  
coa l -convers ion,  and e l e c t r i c i t y  subsystems and t o  eva lua te  t h e i r  cos t s ,  s i nce  
these  subsystems a r e  managed by a  combinat ion o f  p r i v a t e  companies, r egu la ted  
u t i l i t i e s ,  and governmental agencies.  The model can be used as i t  i s  w r i t t e n  t o  
keep t r a c k  o f  t h e  subsystem cos ts .  For example, s imp le  equa t ions  can be used t o  
sum t h e  cos t s  o f  e l e c t r i c i t y  t r ansm iss i on  and p i p e l i n e  gas t r ansm iss i on .  The 
water  shipment c o s t s  can a l s o  be eva lua ted  f o r  any s e t  o f  water  supp ly  v a r i a b l e s ,  
depending on t h e  v a r i a t i o n  o f  t h e  model used i n  a  g i v e n  a p p l i c a t i o n .  Examples 
o f  c o s t s  f o r  t he  d i f f e r e n t  subsystems a r e  g i ven  f o r  t h e  I l l i n o i s  case i n  Sec t ion  
2.3. 
The subsystem cos t s  cou ld  a l s o  be used i n  an h i e r a r c h i c a l  approach whereby 
p r i o r i t i e s  cou ld  be ass igned t o  t h e  d i f f e r e n t  subsystems and t r a d e - o f f s  cou ld  be 
eva lua ted  between them. A lso,  i n  a  genera l  m u l t i l e v e l  approach, o t h e r  subsystems 
such as commodity demand models cou ld  be eva lua ted .  The scope o f  t h i s  p r o j e c t ,  
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The a l l o w a b l e  r i v e r  w i thd rawa ls  a r e  determined by t h e  r i v e r  f l o w  and t h e  
r e t u r n  f l ows  t h a t  a r e  a v a i l a b l e  f o r  reuse. The r i v e r  wa te r  a v a i l a b i l i t y  i s  
g i v e n  by  W which rrlay be expressed as a percentage o f  t h e  9-day 10-year low j ' 
f l ow .  I n  a d d i t i o n ,  t h e  r e t u r n  f l ows  from mun ic ipa l  and i n d u s t r i a l  supp l i es  
( r ega rd l ess  of t h e i r  o r i g i n )  t h a t  a r e  d ischarged i r ~ t o  r i v e r  segment j o r  i t s  tri b- 
u t a r i e s  may be a v a i l a b l e  f o r  reuse. These r e t u r n  f lows a r e  known i f  i t  i s  assumed 
t h a t  t he  mun ic ipa l  and i n d u s t r i a l  demands w i l l  be met, and t hey  can be added 
d i r e c t l y  t o  W The r e t u r n  f l ows  from p o t e n t i a l  c o a l - g a s i f i c a t i o n  and steam- j ' 
e l e c t r i c  p l a n t s  can a l s o  be made a v a i l a b l e  f o r  reuse as shown i n  t h e  c o n s t r a i n t .  
For sc reen ing '  pruposes, these r e t u r n  f l ows  should  p robab l y  be cons idered f o r  l ong  
r i v e r  segments. Cau t ion  should  be exerc ised ,  however, because o f  t he  r e l a t e d  
wate r  qua1 i t y  issues.  
I t  should  a l s o  be no ted  t h a t  i f  a l l  r e t u r n  f l ows  a re  cons idered,  t h e  w i t h -  
drawal limit r e a l l y  s p e c i f i e s  a  c o n s t r a i n t  on wate r  consumption f o r  each r i v e r  
segment. I n  some cases i t  m igh t  a l s o  be necessary t o  add a d d i t i o n a l  c o n s t r a i n t s  
t o  ensure t h a t  enough wate r  would be a v a i l a b l e  i n  t he  r i v e r  f o r  each w i thdrawa l .  
As l o n g  as W .  r ep resen t s  a  r e l a t i v e l y  smal l  percentage o f  t h e  low f l ow ,  however, 
J 
t h i s  problem would n o t  be expected i n  p r a c t i c e .  
A  r i v e r ,  o f  course, i s  cont inuous,  b u t  i t  i s  a p p r o p r i a t e  t o  cons ider  f a i r l y  
l o n g  reaches as wa te r  supp ly  p o i n t s  s i nce  t he  t o t a l  w i thd rawa l  ( o r  consumption) 
i s  t h e  most impo r tan t  f a c t o r .  The c o s t  o f  t r a n s p o r t i n g  wa te r  t o  a  g i ven  demand 
p o i n t ,  however, can be es t imated  from t h e  p a r t  o f  t h e  r i v e r  nea res t  ( o r  most con- 
ven ien t  f o r )  t h e  g i ven  p o i n t .  I f  t h e  r i v e r  f l o w  c o n d i t i o n s  change s i g n i f i c a n t l y ,  
then  two o r  more segments can be used w i t h  d i f f e r e n t  w i thd rawa l  1  i r n i  t s .  The 1  i m i  t 
f o r  a  g i ven  segment should  a l s o  take  i n t o  account a1 1  upstream r e t u r n  f l ows  and 
should  app l y  t o  t h e  cumu la t i ve  w i thd rawa ls  cons ide r i ng  a l l  upstream segments. The 
cons tan t ,  W i n  C o n s t r a i n t  Set  3 would i n c l u d e  a l l  upstream mun i c i pa l  and indus-  j ' 
t r i a l  r e t u r n  f l ows ,  and t he  v a r i a b l e  terms would be sumrned f o r  segment j and a l l  
upstream segments. 
The c o n s t r a i n t  se t s  may be m o d i f i e d  e x t e n s i v e l y  i n  any g i v e n  a p p l i c a t i o n .  
M G For example, t h e  v a r i a b l e s  dim, dim, and dFm cou ld  be rep laced  by  a  s i n g l e  aggregate 
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Figure 2.1 Major Water Source Points and Energy Demand 
Note: Several key courlties a r e  i l l  ustrated 
and label led by numbers,. 
Set 4: MID Water Demand 
Set 5: Gasification Water Demand 
Set 6: El ectr ical  Power Generation Water Demand 
The MID, requirement (Set 4 )  would specify the demand for  water in subregion 
m .  This demand i s  given by the de f i c i t  between future water needs (above the current 
usage levels)  and local water supplies. For the I l l i no i s  example, MID requirements 
were estimated on the basis of projections for  1980 by Csallany (1972). The example 
used each of the 102 counties in I l l i no i s  as subregions, b u t  MID requirerr~ents were 
necessary for only 44 of them where local supplies were assumed to  be inadequate. 
(The local. supply estimates were based on the water ava i lab i l i ty  data from the 
I1 1 inois Technical Advisory Corrlrr~ittee on Water Resources [1967]). 
The gasification water demand for a subregion i s  given by the process water 
and cooling water required for the total  plant capacity located in the region. This 
requirement can be expressed as the water needed for  a uni t -s ize plant m u 1  tip1 ied 
by the total  plant capacity expressed as the equivalent number of unit-size plants. 
The unit-size plant designation i s  arbi t rary and i s  used only to balance the re- 
source requirements and the gas produced. Since the water requirements for a unit 
plant are assumed to  be constant, a cooling technology must be prespecified for 
each subregion; th i s  constant would vary from one subregion to  another i f  different 
cooling technologies were specified. (Chapter 3 presents modifications of the 
model to  allow for  a l ternat ive cooling technologies.) Data on water requirements 
for  coal-conversion f a c i l i t i e s  were evaluated and presented in a s t a f f  report 
pub1 ished by Stout (1974). 
For t h e  example study, g a s i f i c a t i o n  water  demands were needed f o r  t h e  59 
subregions ( c o u n t i e s )  which con ta in  enough coal  f o r  a  coa l -convers ion  f a c i l i t y .  
(Fo r  t h e  example data,  i t  cou ld  be shown t h a t  water  would always be shipped t o  
coal  p o i n t s  r a t h e r  than coal  t o  t he  water p o i n t s  because o f  t h e  r e l a t i v e  cos ts  
of t r a n s p o r t i n g  coa l ,  water,  and gas--see p a r t  a. o f  Sec t ion  2.2.2).  It should 
be noted t h a t  t h e  c o a l - g a s i f i c a t i o n  water c o n s t r a i n t s  r e q u i r e  an aggregate 
amount o f  water  f o r  both process water  and c o o l i n g  water.  It m igh t  be d e s i r a b l e  
t o  d isaggregate these v a r i a b l e s  t o  take  i n t o  account t h e  d i f f e r e n t  water  q u a l i t y  
requi rements.  As mentioned i n  p a r t  a. o f  t h i s  sec t ion ,  f o r  t he  second s e t  o f  
example runs f o r  I l l i n o i s , t h e p r o c e s s  water  requi rement  was added t o  t he  MID con- 
s t r a i n t  f o r  each county, and t h e  cool  i n g  water  requi rements f o r  a l l  of t h e  energy 
f a c i l i t i e s  i n  each county  were aggregated. 
Cons t ra i n t  Set 6 i s  s i m i l a r  t o  Set 5 and ensures t h a t  t he  water  needs f o r  
t he  c o a l - f i r e d  and nuc lea r  power p l a n t s  a r e  met. C o a l - f i r e d  p l a n t s  'were a l lowed 
o n l y  i n  t he  59 coun t ies  w i t h  coa l ,  bu t  these c o n s t r a i n t s  were needed f o r  a l l  
coun t ies  because o f  t he  p o s s i b i l i t y  o f  c o n s t r u c t i n g  nuc lea r  p l a n t s .  
For t he  I l l i n o i s  a p p l i c a t i o n ,  i t  was assumed t h a t  wet c o o l i n g  towers would 
be used f o r  a l l  energy f a c i l i t i e s  i n  t h e  s t a t e .  The cons tan ts  t h a t  spec i f y  t h e  
water  requi rements f o r  these f a c i l i t i e s  a r e  g iven  i n  Table 2.2. 
c. Coal S u p p l y  Points. Cons t ra i n t s  such as t he  ones i n  Set 7 can be 
used t o  ensure t h a t  t he  coal  shipments f rom a  subregion do n o t  exceed t he  a v a i l a b l e  
supply.  
Set 7: Coal Supply 
The coa l  supp ly  i s  1  i m i  t e d  by t he  amount o f  reserves a v a i l a b l e  f o r  deep 
min ing  and s t r i p  min ing,  and t he  technology must be cons idered i n  c a l c u l a t i n g  t he  
supp ly  a v a i l a b l e  f o r  use. For  t he  I l l i n o i s  examples, i t  was assumed t h a t  s t r i p p a b l e  
Table 2.2 - Constants f o r  Energy F a c i l i t i e s  
Used i n  t h e  I l l i n o i s  Exarr~ple 
WG = 14,000 ga l l ons  pe r  minute CG = 16,000 tons  pe r  day 
WE = 10,000 ga l l ons  p e r  minute CE = 12,000 tons  p e r  da,y 
WEN = 15,000 ga l l ons  p e r  minute GP = 250 m i l l i o n  cub i c  f e e t  pe r  day 
EP = 1,000 megawatts 
coa l  was a l r e a d y  committed and t h a t  deep-mined coa l  would be used f o r  a  major  new 
i n d u s t r y .  It was f u r t h e r  assumed t h a t  one-ha l f  o f  t h e  reserves  cou ld  be cons idered 
f o r  use. The example da ta  were based on I 1  1  i n o i s  S t a t e  Geo log ica l  Survey es t imates  
o f  reserves  i n  each coun ty  (Hopkins arid Simon, 1974). These es t imates  have been 
updated by  a  more r e c e n t  coope ra t i ve  r e p o r t  among I l l i n o i s  agencies (Smi th  and 
S t a l l ,  1975). 
d. CoaZ Demand Points. C o n s t r a i n t  Sets  8 ,  9, and 10 r e q u i r e  t h a t  t h e  
coa l  demands be met f o r  mun i c i pa l  and i n d u s t r i a l  uses, g a s i f i c a t i o n ,  and e l e c t r i c a l  
power gene ra t i  on, r e s p e c t i v e l y .  
Set  8: MICD Coal Demand 
Se t  9: G a s i f i c a t i o n  Coal Demand 
Se t  10: E l e c t r i c i t y  Coal ~ernarld 
I f  a l l  coa l  shipments a r e  in te rchangeab le ,  then these c o n s t r a i n t s  c o u l d  be combined 
and one coa l  v a r i a b l e  f o r  each source and subreg ion cou ld  be used. However, i t  
m igh t  be d e s i r a b l e  t o  use separate  v a r i a b l e s  and c o n s t r a i n t s  i n  some cases (e.g., 
where coa l  p re t r ea tmen t  c o s t s  v a r y  f o r  t h e  d i f f e r e n t  uses).  
I n  t h e  I l l i n o i s  examples, coa l  requ i rements  f o r  MICD purposes were n o t  con- 
s ide red .  Furthermore, as d iscussed above, coa l  p l a n t s  were o n l y  a l lowed i n  t h e  
59 coun t i es  c o n t a i n i n g  coa l .  (Th i s  r e s u l t  was c o s t  m i n i m i z i n g  f o r  t h e  case s tudy  
da ta ,  b u t  i n  o t h e r  a p p l i c a t i o n s  d i f f e r e n t  c o n c l u s i o r ~ s  m igh t  be reached.)  The con- 
s t a n t s  t h a t  s p e c i f y  t he  coa l  requ i rements  f o r  t h e  energy f a c i l i t i e s  a r e  giver1 i n  
Tab le  2.2. S ince t h e  c o s t s  o f  supp l y i ng  coa l  were a l s o  n o t  cons idered,  c o n s t r a i n t  
s e t s  7, 9, and 10 were reduced t o  one s e t  o f  c o n s t r a i n t s  l i m i t i n g  t h e  l e v e l  o f  
coa l  use f o r  g a s i f i c a t i o n  and e l e c t r i c i t y  i n  each o f  t he  59 coun t i es .  
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Three demand cen te rs  (near  Chicago, East  S t .  Louis ,  and Peo r i a )  were used 
f o r  t h e  I l l i n o i s  examples. The gas shipments were summed over  t h e  subregions 
t h a t  c o n t a i n  coa l  and were a l lowed as " s i t e s "  f o r  l o c a t i n g  g a s i f i c a t i o n  p l a n t  
capac i t y .  The l e v e l  o f  f u t u r e  coa l  convers ion  i s  very u n c e r t a i n  and depends on 
t h e  l e v e l  o f  consumption and on t h e  l e v e l s  o f  impor ts  and expor ts .  S ince t he  
l e v e l  o f  coa l  convers ion represen ts  a  major s t a t e  p o l i c y  dec i s i on ,  t h e  example 
computer runs  examined t h e  e f f ec t s  o f  va r ious  l e v e l s  o f  p roduc t i on  on t h e  degree 
and p a t t e r n  o f  resources development. Parametr ic  l i n e a r  programming was used t o  
vary t h i s  l e v e l  f rom zero, which represen ts  cont inued impor t ion ,  t o  l e v e l s  r e -  
p resen t i ng  major  e x p o r t a t i o n .  
g. EZectr ic i ty  Supply Points. The t o t a l  amount o f  e l e c t r i c i t y  t h a t  
can be supp l ied  t o  a l l  demand p o i n t s  f rom a  g iven subregion cannot  exceed the  
c a p a c i t y  o f  t he  power p l a n t s  i n  t h a t  subregion. Th i s  requi rement  i s  g iven by 
C o n s t r a i n t  Set 13. 
Se t  13: E l e c t r i c i t y  Supply 
The t o t a l  power p l a n t  c a p a c i t y  i n  a  subregion i s  expressed as t h e  number o f  u n i t -  
s i z e  c o a l - f i r e d  p l a n t s  and nuc lear  p l a n t s .  Since EP represen ts  an a r b i t r a r y  u n i t -  
s i z e  p l a n t ,  t h e  same cons tan t  can be used f o r  bo th  nuc lear  and f o s s i l - f u e l  p l a n t s .  
For  the  I 1  1  i n o i s  example, these c o n s t r a i n t s  were w r i t t e n  f o r  a l l  102 coun t i es ,  b u t  
o n l y  nuc lea r  p l a n t s  were a l lowed i n  t h e  coun t i es  w i t h o u t  c o a l .  (As w i t h  Set 11, 
i t  should be noted t h a t  these c o n s t r a i n t s  would be met as e q u a l i t i e s ,  and i t  would 
be p o s s i b l e  t o  e l i m i n a t e  them from t h e  f o rmu la t i on .  Th i s  change would r e q u i r e  
w r i t i n g  separate va r i ab les  f o r  e l e c t r i c i t y  t ransmiss ion  from t h e  c o a l - f i r e d  and 
N nuc lear  power sources i n  each subregion. Each tm and tm cou ld  then be rep laced 
by t h e  sum o f  t h e  cor respond ing  ou tgo ing  e l e c t r i c i t y  t ransmiss ion  va r i ab les .  ) 
h. Elec t r i ca l  Power Demand Points. E l e c t r i c a l  power demands a r e  spec- 
i f i e d  f o r  t he  major load  cen te rs  and must be supp l ied  by t h e  e l e c t r i c i t y  f l ows  from 
t h e  var ious  subregions. As showr~ below, these c o n s t r a i n t s  i n c l u d e  t h e  f r a c t i o n ,  
Bmq , which g ives t h e  t ransmiss ion  l o s s  between p l a n t s  l oca ted  a t  subregion m and 
demand p o i n t  q. 
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Set  15. Nuc lear  P l a n t  L i m i t  
T h i s  t ype  o f  c o n s t r a i n t ,  whether expressed as a  l i m i t  o r  an e q u a l i t y ,  can be 
used t o  e f f e c t  a  d e s i r e d  mix o f  s t eam-e lec t r i c  p l a n t s .  For example, t h e  d e s i r e d  
l e v e l  of nuc l ea r  p l a n t  c a p a c i t y  may be known t h r u  t h e  p r i o r  de te rm ina t i on  o f  t h e  
op t ima l  mix  of nuc l ea r  and f o s s i l  f u e l  p l a n t s .  The a c t u a l  d e s i r e d  l e v e l  o f  
nuc l ea r  capac i t y ,  however, i s  an impo r tan t  p o l i c y  i s s u e  f o r  t h e  power i n d u s t r y  and 
f o r  s t a t e  o f f i c i a l s .  The l o c a t i o n - a l l o c a t i o n  model desc r ibed  here m igh t  be used 
i n  c o n j u n c t i o n  w i t h  o t h e r  models, such as a  p l an t -m i x  model and a  more d e t a i l e d  
s i m u l a t i o n  model, and w i t h  o t h e r  p l ann ing  and a n a l y s i s  methods t o  address t he  
i s sue .  For  t h e  I l l i n o i s  example, t h e  va lue  o f  NUC was parameter ized t o  exarr~ine 
t h e  e f f e c t  o f  t h i s  c o n s t r a i n t  on t h e  development o f  s t a tew ide  resources.  
2.3 EXAMPLE APPLICATION OF THE MODEL FOR THE STATE OF ILLINOIS 
2.3.1 Background 
T h i s  s e c t i o n  descr ibes  ve r y  b r i e f l y  t h e  example a p p l i c a t i o n s  o f  t h e  bas i c  LP 
sc reen ing  model t o  da ta  f o r  I 1  1  i n o i s .  These computer appl  i c a t i o n s  were undertaken 
f o r  f o u r  purposes: ( 1 )  t o  a i d  i n  deve lop ing  t h e  model i t s e l f ,  ( 2 )  t o  demonstrate 
t h e  i n t e r r e l a t e d  na tu re  o f  t h e  water  resources and energy systems, (3)  t o  demon- 
s t r a t e ,  i n  a  genera l  way, t h e  p o t e n t i a l  impact  o f  a  ma jo r  new coa l  convers ion  
i n d u s t r y ,  and (4 )  t o  demonstrate t h e  use o f  t h e  model as an a i d  i n  e v a l u a t i n g  r e -  
g i o n a l  p l ann ing  i ssues .  
A1 1  o f  t h e  LP examples were r u n  us i ng  MPSX (IBM, 1971, and IBM, 1973), which 
i s  t y p i c a l  o f  w i d e l y  a v a i l a b l e  computer codes, on t h e  IBM 360-75 a t  t h e  U n i v e r s i t y  
o f  I l l i n o i s .  The a p p l i c a t i o n  f o r  I l l i n o i s  demonstrated t h e  p r a c t i c a l i t y  o f  t h e  
model, s i n c e  t h e  c o s t  o f  i n d i v i d u a l  computer runs f o r  t h i s  l a r g e  r e g i o n  v a r i e d  
f rom $20 f o r  s i n g l e  s o l u t i o n s  t o  $100 f o r  l o n g  pa rame te r i za t i on  runs.  
The f i r s t  s e t  o f  computer runs  d e a l t  w i t h  a  14-county r e g i o n  w i t h i n  I l l i n o i s .  
The main purpose was t o  e x e r c i s e  t h e  model t o  i d e n t i f y  t h e  components which needed 
mod i f i , ca t i ons .  Th i s  work l ed ,  f o r  example, t o  t h e  f i n a l  cho ice  o f  t h e  s i m p l i f i e d  
f o r m u l a t i o n  o f  t h e  e l e c t r i c a l  d i s t r i b u t i o n  system. 
The model was n e x t  a p p l i e d  t o  example d a t a  f o r  t h e  e n t i r e  s t a t e  o f  I 1  l i n o i s .  
The ma jo r  water  sources t h a t  were cons idered a r e  shown i n  F i gu re  2.1. They i n -  
c l u d e  17 l a r g e  groundwater a q u i f e r s ,  6 r e s e r v o i r  s i t e s ,  and 7  r i v e r  segments. 
The i n i t i a l  energy demands were s e t  as l i s t e d  i n  Table  2.3; these va lues r e f l e c t  
ma jo r  p o l i c y  i ssues ,  however, and some o f  t h e  were parameter ized. The v a r i a b l e s ,  
c o n s t r a i n t s ,  and c o s t  c o e f f i c i e n t s  o f  t h e  model a r e  a l l  desc r ibed  i n  Sec t i on  2.2 
above. The 102 coun t i es  o f  I l l i n o i s  were used as subregions; t h e  coun t i es  men- 
t i o n e d  below a re  l abe led  by numbers i n  F i gu re  2.1. 
2.3.2 A p p l i c a t i o n  Us ing F i r s t  M o d i f i c a t i o n  
For  t h e  f i r s t  computer runs  f o r  I l l i n o i s ,  one ma jo r  m o d i f i c a t i o n  was made 
i n  t h e  b a s i c  LP model t o  reduce t h e  problem s i ze .  A1 1  o f  t h e  wa te r  demands i n  
each subreg ion were aggregated; t h i s  change a l lowed t h e  groups o f  wa te r  supp ly  
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v a r i a b l e s  (e.g., dirrl, dim, and dim) t o  be rep laced  by a  s i n g l e  s e t  o f  v a r i a b l e s  
(e.g., dim). A lso,  t h e  wa te r  demand c o n s t r a i n t s ,  Sets 4, 5, and 6 were rep laced  
by  a  s i n g l e  s e t  u s i n g  one c o n s t r a i n t  f o r  each county .  The complete mathematical  
formulation had 3974 v a r i a b l e s  and 368 c o n s t r a i n t s  (see Table 2.4 f o r  a  breakdown 
by c a t e g o r i e s ) .  
The s o l u t i o n ,  which has an o b j e c t i v e  f unc t i on  va lue  o f  $109 m i l l i o n  (annual  
c o s t ) ,  l o ca ted  t h e  energy f a c i l i t y  c a p a c i t i e s  as l i s t e d  i n  Table  2.5. The c o a l -  
u s i n g  f a c i l i t i e s  a r e  l i s t e d  i n  o rde r  o f  t h e  l e v e l  of coa l  use. The pr i rnary  r o l e  
of t h e  model i s  f o r  sc reen ing  purposes, and, as can be seen f r om t h e  t a b l e ,  
Macoupin County i s  i n d i c a t e d  t o  be a  ve r y  d e s i r a b l e  l o c a t i o n  f o r  ma jo r  energy 
f a c i l i t i e s .  T h i s  r e s u l t ,  which was observed i n  a l l  of t h e  example runs, occurs  
because t h i s  subreg ion con ta i ns  abundant coa l ,  i s  near  a  v e r y  l a r g e  water  s0urc.e 
( t h e  M i s s i s s i p p i  R i ve r ) ,  and i s  r e l a t i v e l y  near  t h e  ma jo r  energy l oad  c e n t e r  
(Chicago).  Twelve o t h e r  coun t i es  were a l s o  se l ec ted  f o r  coa l  f a c i l i t i e s .  
The impo r tan t  r e s u l t  f rom t h e  model i s  t h e  r a n k i n g  of t h e  subreg ions--not  t h e  
d e s c r i p t i o n  o f  exac t  p l a n t  c a p a c i t i e s .  It i s  i n t e r e s t i n g  t o  note,  however, t h a t  
Table '2.3 - I n i t i a l  Demand Leve ls  f o r  Pipe1 i n e  Gas and E 1 e c t r i c i t . y  
Pipe1 i n e  Gas 
Load Center Demand i n  mi1 1  i o n  c u b i c  f ee t  pe r  day 
Chicago 
S t .  Lou is  
Peo ri a 
E l  e c t r i c i  t y  
Load Center Demand i n  w g a w a t t s  
Chicago 
S t .  Lou is  
S p r i n g f i e 1  d  
Rockford 
Rock I s l a n d  
Tab1 e  2.4 - V a r i a b l e s  and C o n s t r a i n t s  f o r  t h e  F i r s t  
M o d i f i c a t i o n  o f  t h e  LP Model 
V a r i a b l e  Category Number C o n s t r a i n t  Category FJ umber 
Groundwater shipment 1734 
R e s e r v o i r  w a t e r  sh ipment  61 2  
R i v e r  w a t e r  shipment 71 4 
G a s i f i c a t i o n  p1 a n t  c a p a c i t y  59 
P i p e l i n e  gas shipment 177 
E l  e c t r i c  p1 a n t  c a p a c i t y  5  9  
N u c l e a r  p l  a n t  c a p a c i t y  102 
E l e c t r i c i t y  t r a n s m i s s i o n  51 0  
Groundwater s u p p l y  
Reservo i  r s u p p l y  
R i v e r  w a t e r  s u p p l y  
County w a t e r  demand 
G a s i f i c a t i o n  s u p p l y  
G a s i f i c a t i o n  demand 
E l  e c t r i  c i  t,y s u p p l y  
E l  e c t r i c i  ty  demand 
Subcost  7  Coal s u p p l y  5  9  
T o t a l  3974 N u c l e a r  p l a n t  1  i m i t  1  
subcost  c a l  c u l  a t i o n  7  
T o t a l  368 
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even though cont inuous v a r i a b l e s  were used f o r  p l a n t  c a p a c i t i e s ,  a l l  o f  them 
a r e  l a r g e  enough so t h a t  t e c h n i c a l l y  f e a s i b l e  p l a n t s  cou ld  be cons idered i n  t h e  
corresponding subregions. Nevertheless, t h e  s o c i a l ,  p o l i t i c a l ,  and t e c h n i c a l  
f e a s i b i l i t y  o f  l o c a t i n g  l a r g e  p l a n t  c a p a c i t i e s  i n  t h e  coun t i es  se lec ted  by t h e  
model must be examined i n  d e t a i l  f o r  each of  these coun t ies .  For example, t h i s  
p a r t i c u l a r  s o l u t i o r ~  l o c a t e s  nuc lea r  power p l a n t s  i n  a  number o f  southern I l l i n o i s  
coun t ies ,  b u t  these l o c a t i o n s  may n o t  be t e c h n i c a l l y  f e a s i b l e  because o f  t h e  
earthquake p o t e n t i a l .  Through t h e  use o f  a  sc reen ing  model, however, d e t a i l e d  
da ta  a r e  needed o n l y  i n  cases where t h e  i ssues  a r i s e .  Thus, t h i s  t ype  of model 
can he lp  s t r eam l i ne  t h e  process o f  reach ing  a  f i n a l  r eg iona l  p lan .  
TO f u r t h e r  i l l u s t r a t e  t h e  use of t he  model as a  p l ann ing  t o o l ,  another  computer 
r u n  was made t o  examine t h e  i s sue  o f  l o c a t i n g  energy f a c i l i t i e s .  Cons t ra i n t s  
were aded t o  p reven t  any county  f rom becoming a  "power park "  s e r v i n g  t h e  ma jo r  
energy demand cen te rs .  The f o l l o w i n g  l i m i t s  were p lace  on t h e  t o t a l  p l a n t  capaci -  
t i e s  i n  each subregion: coal  g a s i f i c a t i o n  capac i t y ,  500 m i  11 i o n  SCFD; coa l  - f i r e d  
e l e c t r i c  capac i t y ,  3000 MW; and nuc lea r  capac i ty ,  3000 MW. The s o l u t i o n  ob ta ined  
s p e c i f i e d  marly more coun t ies  f o r  l o c a t i n g  energy f a c i l i t i e s - - 2 3  i ns tead  o f  13 f o r  
coal  f a c i  1  i t i e s .  I n t e r e s t i n g l y ,  t h e  inc rease  i n  t he  t o t a l  c o s t  was smal l  - - on l y  
8%. I n s i g h t s  such as these can r e s u l t  f rom repeated use of t h e  t o o l  and can a s s i s t  
s t a tew ide  p lann ing .  
Th i s  v a r i a t i o n  of t h e  model was exerc ised  e x t e n s i v e l y  us ing  s e n s i t i v i t y  
a n a l y s i s  and pa rame te r i za t i on  techniques.  I t  was shown t h a t  t h e  water  supply  cos t s  
c o n s i s t e n t l y  accounted f o r  over  ha1 f o f  t h e  t o t a l  c o s t  and t h a t  t h e  s o l u t i o n s  were 
q u i t e  s e n s i t i v e  t o  changes i n  these c o s t  c o e f f i c i e n t s .  T h i s  component o f  t h e  model 
was re f i ned  f o r  t h e  second m o d i f i c a t i o n  descr ibed  below i n  Sec t i on  2.3.3. The 
gas p i p e l i n e  subsystem cos t s  accounted f o r  approx imate ly  30% o f  t h e  t o t a l  cos t ,  
b u t  t h e  s o l u t i o n s  were r e l a t i v e l y  i n s e n s i t i v e  t o  changes i n  these c o s t  c o e f f i c i e n t s .  
The e l e c t r i c a l  t ransmiss ion  subsystem cos t s  t o t a l e d  l e s s  than 15% o f  t h e  o v e r a l l  
cos t ;  t h e  s o l u t i o n s  were s e n s i t i v e  t o  these cos t s ,  a l t hough  p l a n t  l o c a t i o n s  were 
g e n e r a l l y  una f fec ted .  A  rrlore complete d i s c u s s i o r ~  of s e n s i t i v i t y  a n a l y s i s  w i l l  be 
g iven  i n  t h e  d i scuss ion  o f  t h e  n e x t  m o d i f i c a t i o n  o f  t h e  LP model. 
One pa rame te r i za t i on  r u n  was used t o  examine t h e  e f f ec t  of  changing t he  water  
demand i n  t h e  Chicago area. A l though t he  shipment of water  f ror r~ t h e  d i s t a n t  sources 
cons idered here r ep resen t s  an extreme s o l u t i o n  t o  meet ing t h e  needs i n  t h i s  ma jo r  
wa te r - sho r t  area, t h e  s o l u t i o n s  g i v e  an i n d i c a t i o n  o f  t h e  h i g h  c o s t  o f  such sh ip -  
ments (rr~ore than  $200/gpm). As t h i s  MID requ i rement  was reduced t o  zero,  t h e  
secondary e f f e c t s  on t h e  r e s t  o f  t h e  water - resources and energy system were i l l u s -  
t r a t e d  (see B r i l l  e t  aZ., 1975). Because o f  t h e  h i g h  c o s t  o f  supp l y i ng  water  t o  
t h e  Chicago area f rom t h e  sources cons idered i n  t h e  a p p l i c a t i o n ,  t h e  mun ic ipa l  
and i n d u s t r i a l  demands were reduced t o  ze ro  f o r  most o f  t h e  examples descr ibed  
below. T h i s  r e d u c t i o n  i s  based on t h e  assumption t h a t  t h e  water  needs i n  t h e  area 
w i l l  be met by l o c a l  supp l i es  (such as an i nc rease  i n  t h e  a l l o w a b l e  d i v e r s i o n  
f rom Lake Mich igan) .  
2.3.3 A p p l i c a t i o n  Us ing Second M o d i f i c a t i o n  
As i n d i c a t e d  above, t h e  LP s o l u t i o n s  ob ta ined  u s i n g  t h e  f i r s t  m o d i f i c a t i o n  
o f  t h e  LP model showed t h a t  t h e  wa te r  supp ly  cos t s  represen ted  t h e  l a r g e s t  c o s t  
component and t h a t  t h e  s o l u t i o n s  were q u i t e  s e n s i t i v e  t o  these  c o s t  c o e f f i c i e n t s .  
Furthermore, t h e  wa te r  supp ly  cos t s  were v e r y  d i f f e r e n t  f o r  d i f f e r e n t  water  uses 
because o f  t h e  d i f f e r e n t  t r ea tmen t  requi rements .  These d i f f e r e n c e s ,  however, 
cou ld  n o t  be cons idered when t h e  water  supp ly  v a r i a b l e s  were aggregated. For  t h e  
second modi f i c a t i o r ~ ,  t h e r e f o r e ,  t hey  were d isaggregated t o  improve t h e  r e a l  i sm o f  
t h i s  model component. S ince t h e  q u a l i t y  requi rements  f o r  c o o l i n g  wa te r  a r e  
e s s e n t i a l l y  t h e  same f o r  e l e c t r i c i t y - g e n e r a t i o n  and coa l  - g a s i f i c a t i o n  f a c i l i t i e s ,  
those supp ly  v a r i a b l e s  were aggregated. Also,  t h e  wa te r  s u p p l i e s  f o r  meet ing t h e  
MIDs and t h e  process-water demands f o r  coa l -convers ion  f a c i l i t i e s  must be o f  
h i ghe r  qua1 i t y ,  and these supp ly  v a r i a b l e s  were aggregated. For t h e  new fo rmu la -  
t i o n ,  t h e  o r i g i n a l  102 coun ty  wa te r  demands were conver ted  t o  c o o l i n g  water  demand 
p o i n t s .  The MID-pl us-process-water demands were spec i f i ed  u s i n g  79 a d d i t i o n a l  con- 
s t r a i n t s  f o r  t h e  c o u n t i e s  w i t h  a  MID and/or  coa l  reserves.  Also,  one new subsystem 
c o n s t r a i n t  was needed t o  c a l c u l a t e  t h e  c o s t  f o r  t h e  new s e t  o f  wa te r  supp ly  v a r i -  
ab les .  The number o f  water  supp ly  v a r i a b l e s  doubled, f rom 3060 t o  6120. T h e i r  
c o n s t r a i n t  c o e f f i c i e n t s ,  however, a r e  e i t h e r  ze ro  o r  one and t h e  da ta  i n p u t  f o r  
t h e  LP code was generated us i ng  s imp le  computer programs. 
The i n i t i a l  s o l u t i o n  u s i n g  t h e  new f o r m u l a t i o n  was d i f f e r e n t  f rom t h a t  ob ta ined  
us i ng  t h e  f i r s t  m o d i f i c a t i o n ,  b u t  t h e  l a r g e s t  energy f a c i l i t y  c a p a c i t i e s  were l o c a t e d  
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T a b l e  2.6 - Subsystem Costs f o r  t h e  
Second M o d i f i c a t i o n  
Subsystem Annual Cost i n  m i l l i o n  d o l l a r s  
Cool i n g  w a t e r  supp l  i e s  23.5 
M I D  and process w a t e r  supp l  i es 8.1 
( T o t a l  w a t e r )  ( 31 .6 )  
P i p e l  i n e  gas sh ipments  721 . O  
E l e c t r i c i t y  t r a n s m i s s i o n  7.9 
As another  example, t h e  shadow p r i c e s  f o r  t h e  p roduc t  demand c o n s t r a i n t s  
g i v e  t h e  inc rementa l  c o s t  f o r  meet ing t h a t  demand. Th i s  incrementa l  c o s t  takes 
i n t o  account a l l  o f  t h e  v a r i a b l e  c o s t  f a c t o r s  cons idered i n  t h e  a p p l i c a t i o n .  I n  
p r a c t i c e ,  these v a r i a b l e  cos t s  cou ld  be added t o  t h e  f i x e d  c o s t s  t o  es t imate  t h e  
t o t a l  c o s t  o f  meet ing s p e c i f i e d  gas demands. The dual  v a r i a b l e s  a r e  v a l i d  over  
a  l i m i t e d  range on l y ,  however, and a  more complete p i c t u r e  o f  t h e  e f f e c t  o f  
changing a  parameter can be gained by us ing  pa rame te r i za t i on  techniques.  
Many pa rame te r i za t i on  runs  were made u s i n g  t h i s  v a r i a t i o n  o f  t h e  model, and 
one o f  them was used t o  examine d i f f e r e n t  demand l e v e l s  f o r  p i p e l i n e  gas. The 
f i r s t  s o l u t i o n  assumed t h a t  a l l  gas demands would be met by i m p o r t i n g  supp l i es  
frorn o u t s i d e  t h e  s t a t e .  The t o t a l  demand l e v e l  (sumned over  a l l  l oad  cen te rs )  . 
was then  increased i n  e i g h t  s teps o f  2,500 m i l l i o n  SCFD each, which corresponds 
t o  10 u n i t - s i z e  p l a n t s  pe r  s tep,  t o  a  maximum l e v e l  o f  20,000 m i l l i o n  SCFD. 
The changes i n  t h e  t o t a l  c o s t  and t h e  subsystem cos t s  a r e  shown i n  F igure  2.2. 
It i s  apparent  t h a t  changing t h e  assumed l e v e l  o f  p i p e l i n e  gas p roduc t i on  has a  
ma jo r  impact  on t h e  e n t i r e  water  resources and energy systems. As expected, t h e  
c o s t s  o f  t h e  c o o l i n g  wate r  and gas shipment subsystems inc rease  g r e a t l y .  The c o s t  
o f  t h e  MID water  supp ly  and e l e c t r i c i t y  t ransmiss ion  subsystems bo th  tend t o  i n -  
crease as t he  gas demands increase.  A t  t h e  l a s t  increment  shown, r ep resen t i ng  a  
v e r y  h i g h  r a t e  o f  gas expo r ta t i on ,  t h e  e l e c t r i c i t y  t ransmiss ion  cos t s  decrease 
because, f o r  t he  f i r s t  t ime, new r e s e r v o i r s  a r e  needed. As a  r e s u l t ,  t h e  water  
supp ly  c o s t s  inc rease  g r e a t l y ,  b u t  some o f  t he  e l e c t r i c  p l a n t s  a re  l o c a t e d  nearer  
t h e  demand cen te rs .  
The dual  v a r i a b l e s  f o r  t h e  gas demands g i v e  t h e  inc rementa l ,  o r  marg ina l ,  
c o s t  f o r  supp l y i ng  p i p e l i n e  gas t o  t h e  r e s p e c t i v e  demand p o i n t s .  For a  g iven  l o a d  
cen te r ,  t h e i r  va lues  can be p l o t t e d  f o r  t h e  d i f f e r e n t  demand l e v e l s  i n  t he  para- 
m e t e r i z a t i o n  t o  g i v e  a  supp ly  curve, as shown, f o r  example, i n  F igu re  2.3 f o r  t he  
l oad  cen te r  near Chicago. 
Coal-Conversion Capacity in Bi l lion Standard cu. f t  per day 
F igu re  2.2 Subsystem Costs as a Funct ion o f  
Coal -Conversion Capaci ty  
Aop lad '44 .na pJDpuOiS 
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2 . 4  CONCLUSION 
Th i s  chap te r  p resen ts  a  general  l i n e a r  programming model f o r  use i n  p l ann ing  
r e g i o n a l  water  resources and energy systems. I n  any a p p l i c a t i o n ,  however, i t  i s  
l i k e l y  t h a t  a  m o d i f i e d  form o f  t h e  model would be used. For  example, i n  t h e  
I 1  1  i n o i s  a p p l i c a t i o n  i t  was p o s s i b l e  t o  e l i m i n a t e  t h e  coal  shipment v a r i a b l e s  a f t e r  
a  p r e l i m i n a r y  a n a l y s i s  o f  t h e  c o s t  da ta .  Many assumptions were made i n  t h i s  a p p l i -  
c a t i o n ,  however, and t h e  s o l u t i o n s  ob ta ined  should  be viewed w i t h  them i n  mind. 
The s o l u t i o n s  o f  t h e  model i n  t h e  I l l i n o i s  case demonstrated t h e  use o f  t h e  
model f o r  sc reen ing  purposes. I t  was shown t h a t  s e n s i t i v i t y  a n a l y s i s  cou ld  be used 
t o  f i n d  a l t e r n a t i v e  s o l u t i o n s  which cou ld  then  be analyzed i n  more d e t a i l  d u r i n g  
t h e  p l a n n i n g  process. A lso  i l l u s t r a t e d  was t h e  p o t e n t i a l  use o f  t h e  dual  v a r i a b l e s  
f o r  f i n d i n g  t h e  inc rementa l  va lues  o f  a d d i t i o n a l  resources and f o r  f i n d i n g  t h e  
inc rementa l  c o s t s  o f  a d d i t i o n a l  p roduc ts  where a l l  o f  t h e  secondary e f f e c t s  con- 
s i de red  by t h e  model a r e  taken i n t o  account. 
I n  a d d i t i o n ,  pa rame te r i za t i on  techniques were demonstrated f o r  use i n  examin- 
i n g  t r ends  and t r a d e - o f f s  over  a  range o f  parameter va lues.  By i n c r e a s i n g  t h e  
l e v e l s  o f  t h e  demands f o r  p i p e l i n e  gas over  a  l a r g e  range, i t  was shown t h a t  t h i s  
l e v e l  a f f e c t e d  a l l  o t h e r  components o f  t h e  model. Also,  t h e  dual  v a r i a b l e s  f o r  
t h e  demand c o n s t r a i n t s  were p l o t t e d  t o  i l l u s t r a t e  a  supp ly  f u n c t i o n  f o r  a  s p e c i f i e d  
l oad  cen te r .  
The model presented i n  t h i s  chap te r  i s  a  p r a c t i c a l  and v e r s a t i l e  t o o l  which 
can be used t o  a i d  t h e  p l a n n i n g  o f  r e g i o n a l  water  resources and energy systems. 
Furthermore, t h e  exarr~ple a p p l i c a t i o n  demonstrated t he  i n t e r r e l a t e d  na tu re  o f  t h e  
two systems and t h e  p o t e n t i a l  impact  o f  a  l a r g e  new coa l -convers ion  i n d u s t r y .  
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CHAPTER 3: MODEL MODIFICATIONS FOR CONSIDERING ALTERNATIVE COOLING TECHNOLOGIES 
The bas ic  1  i n e a r  programrr~ing (LP) model descr ibed  i n  Chapter 2  can be 
mod i f i ed  so t h a t  a l t e r n a t i v e  c o o l i n g  techno log ies  a re  a l lowed f o r  each subregion. 
One technology o r  a  mix o f  them migh t  be d e s i r a b l e  f o r  a  g iven  subregion. The 
f i r s t  mod i f i ca t i on ,  descr ibed i n  Sect ion 3.2, extends t he  LP model by adding a 
p l an t - capac i t y  v a r i a b l e  f o r  each a l t e r n a t i v e  i n  each subregion. A f i x e d  water  
requi rement  i s  s p e c i f i e d  f o r  each o f  those a l t e r n a t i v e s .  The second m o d i f i c a t i o n ,  
descr ibed  i n  Sec t ion  3.3, a l l ows  t he  water requi rement  f o r  each a l t e r n a t i v e  t o  
vary  as w e l l ;  t h i s  change produces a non l i nea r  model, and severa l  s o l u t i o n  
approaches a r e  discussed. 
3.2 LINEAR PROGRAMMING MODEL WITH ALTERNATIVE COOLING TECHNOLOGIES 
A l t e r n a t i v e  c o o l i n g  techno log ies  can be i nco rpo ra ted  i n t o  any o f  t h e  v a r i a -  
t i o n s  o f  t h e  bas ic  LP model r e l a t i v e l y  e a s i l y  i f  one cons iders  a  cons tan t  (e.g., 
average) water  requi rement  f o r  each a1 t e r n a t i  ve. Consi d e r i  ng coal  -convers ion 
f a c i l i t i e s ,  f o r  example, l e t :  
a  = index f o r  a  g iven  c o o l i n g  a l t e r n a t i v e  
W G ~  = water requi rement  f o r  a  u n i t - s i z e  c o a l - g a s i f i c a t i o n  p l a n t  i n  
subregion m y  us i ng  c o o l i n g  a l t e r n a t i v e  a (GPM) 
sa = coal  - g a s i f i c a t i o n - p l a n t  c a p a c i t y  l oca ted  i n  subregion m, 
m 
expressed as a number o f  u n i t - s i z e  p l a n t s  
The bas ic  LP model presented i n  Chapter 2  can be mod i f i ed  t o  a l l o w  f o r  d i f -  
f e r e n t  g a s i f i c a t i o n - p l a n t  cool  i n g  a1 t e r n a t i v e s  by s u b s t i t u t i n g  W G ~  f o r  WG and 
1 s i  f o r  sm. AS an example, Cons t ra i n t  Set 5 would be r e w r i t t e n  as: 
a 
S e t  5 '  G a s i f i c a t i o n  Water Demand 
Analogous changes a r e  a l s o  necessary  f o r  t h e  v a r i a b l e s  and c o n s t r a i n t s  r e l a t e d  
t o  e l e c t r i c  p l a n t  c a p a c i t i e s .  
I t  shou ld  be n o t e d  t h a t  i f  one were t o  base t h e  s e l e c t i o n  o f  c o o l i n g  a l t e r -  
n a t i v e s  p u r e l y  on t h e  wa te r  requ i rements ,  t h e n  t h e r e  would n o t  be any need f o r  
mathemat ica l  o p t i m i z a t i o n  i n  choos ing an a l t e r n a t i v e .  Because o f  t h e  c o s t s  of  
s u p p l y i n g  water ,  an o p t i m i z a t i o n  model would i n  each case chcose t h e  a1 t e r n a t i v e  
r e q u i r i n g  t h e  l e a s t  wa te r .  There a r e ,  however, o f f s e t t i n g  c o s t s ;  i n  genera l ,  
c o o l i n g  system c o s t s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e i r  w a t e r  requ i rements ,  as 
shown i n  F i g u r e  3.1. Hence, t h e r e  i s  a  t r a d e - o f f  between c o o l i n g  system c o s t s  
and w a t e r  s u p p l y  c o s t s  wh ich  can be e v a l u a t e d  by  t h e  m o d i f i e d  model d e s c r i b e d  
here .  The c o o l i n g  a1 t e r n a t i v e  s e l e c t e d  f o r  a  g i v e n  subreg ion  would  be determined 
by  t h i s  t r a d e - o f f  as i t  i s  i n f l u e n c e d  by  t h e  a v a i l a b i l i t y  o f  wa te r  and by  t h e  
o t h e r  wa te r  demands. 
Tab le  3.1 g i v e s  t h e  r e l a t i v e  ranges o f  w a t e r  requ i rements  and co r respond ing  
r e l a t i v e  c o s t s  o f  d i f f e r e n t  c o o l i n g  a l t e r n a t i v e s  f o r  c o a l - f i r e d  s t e a m - e l e c t r i c  p l a n t s .  
These d a t a  can be m o d i f i e d  t o  a p p l y  t o  c o a l - g a s i f i c a t i o n  and n u c l e a r  e l e c t r i c  p lanbs 
by c o n s i d e r i n g  t y p i c a l  o v e r a l l  e f f i c i e n c i e s  and t h e  h e a t  t o  be d i s s i p a t e d .  
The mod i f i ed  LP model was a p p l i e d  t o  d a t a  f o r  t h e  s t a t e  o f  I 1  1  i n o i s ;  d i f f e r -  
e n t  c o o l i n g  s t r a t e g i e s  were i n c l u d e d  w i t h  t h e i r  r e s p e c t i v e  c o n s t a n t  wa te r  r e q u i r e -  
ments p e r  u n i t  power o u t p u t .  Once-through c o o l i n g  was n o t  cons ide red  because o f  
t h e  1  i m i t a t i o n s  and gu ide1  i n e s  proposed by  USEPA as a u t h o r i z e d  b y  S e c t i o n  301 o f  
t h e  Federa l  Water P o l l u t i o n  C o n t r o l  Ac t ,  as amended. These g u i d e l i n e s  p rec lude ,  
i n  most cases, t h e  use o f  once- through c o o l i n g  a f t e r  J u l y  1 ,  1977 (MacFarlane 
e t  a l . ,  1975).  
D e t a i l s  r e g a r d i n g  t h e  i n p u t  d a t a  on c o s t s ,  w a t e r  and c o a l  a v a i l a b i l i t y ,  energy 
demands, and o t h e r  i n p u t s ,  such as t h e  maximum number o f  n u c l e a r  p l a n t s  and e l e c -  
t r i c i t y  t r a n s m i s s i o n  l o s s e s ,  a r e  d e s c r i b e d  i n  Chapter  2. 
F i g u r e  3.1 Re1 a t i o n s h i p  Between Cost  and wa te r  Requirements 
o f  Cool i n g  A1 t e r n a t i v e s  
Table 3.1 - Water Requirements and Costs o f  Coo l ing  
A1 t e r n a t i  ves 
Cool i n g  Water Requirement 
A l t e r n a t i v e  i n  g a l  1on.s p e r  m inu te  p e r  megawatt 
Annual Cost i n  thousand 
do1 1 a r s  p e r  megawatts 
source  source B' 
Once-Through 600a 1.53-2.42 .53 
Cool i ng Jonds 4.47-7.83 1.96-3.0 .95 d 
Spray Ponds 8.39- 14.6 2.3-3.59 1.05 f 
10.2-23.6 d 
f Wet Cool i ng Towers 8.95-1 5.6 4.75-6.45 1.10 
Dry Coo l i ng  Towers . 23C 
2a 
a From Dynatech (1969) 
From Cootner  and L o f  (1965) 
From Roa (1972) 
From Eggen and Livengood (1974) 
From Pa rke r  and Krenkel  (1  970) 
From Cro ley  (1 975) 
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Table 3.2 - Ranges of Water Requirements f o r  Coal-Fired 
Steam-Electric and Coal-Gasification Plants  
Water Requirements 
i n  thousand gal lons  per  minute 
Cooling A1 t e r n a t i v e  Gas i f ica t ion  
E l e c t r i c i t y  i n  250 mi l l ion  cubic 
i n  1000 megawatts f e e t  p e r  day 
1. CoolingPonds 
2. Spray Ponds 
3. Wet Cooling Towers 8.90-18.4 12.8-23.2 
4. Dry Cooling Towers -23-2 . O  3.25-5.2 
It i s  i n t e r e s t i n g  t h a t w e t  c o o l i n g  towers were se lec ted  i n s t e a d  o f  l e s s -  
expens ive spray ponds and c o o l i n g  ponds because o f  t h e  l i m i t s  p laced  on water  
use a t  each water  source p o i n t .  It should be no ted  t h a t  t h e  dual  v a r i a b l e  
assoc ia ted  w i t h  each wate r  source would i n d i c a t e  t h e  va lue  o f  r e l a x i n g  t h e  l i m i t  
on w i thd rawa ls .  T h i s  es t ima te  r e f l e c t s  t h e  p o t e n t i a l  sav ings,  i n c l u d i n g  t h e  
sav ings i n  c o o l i n g  systems. Th i s  i s sue  cou ld  be examined f u r t h e r ,  i n  p r a c t i c e ,  
u s i n g  a  pa rame te r i za t i on  run  t o  va ry  t h e  a l l o w a b l e  w i thd rawa ls  a t  t h e  c r i t i c a l  
sources. These examples a r e  used t o  i l l u s t r a t e  t h e  use o f  t h e  model; because 
o f  t h e  many assumptions, t hey  do n o t  lead  t o  recommendations f o r  I l l i n o i s .  A  
genera l  conc lus ion ,  however, i s  t h a t  t h e  wa te r  supp ly  and c o o l i n g  systems p l a y  
a  major  r o l e  i n  de te rm in i ng  an e f f i c i e n t  r e g i o n a l  development p l an .  
3.3 NONLINEAR MODELS WITH ALTERNATIVE COOLING WATER REQUIREMENTS 
3.3.1 A  Non l i nea r  Formu la t ion  
The model presented i n  t h e  l a s t  s e c t i o n  assumes a  cons tan t  wa te r  requi rement  
f o r  each c o o l i n g  a l t e r n a t i v e .  Th is  may n o t  be a  good assumption e s p e c i a l l y  when 
one cons iders  t he  wide ranges o f  water  requi rements  g i ven  i n  Table  3.2. 
The main reasons why a  range o f  wa te r  requi rements  (as shown i n  Table  3.2) 
e x i s t s  f o r  each a1 t e r n a t i v e  a re :  
( 1 )  Coo l ing  e f f i c i e n c i e s  a r e  h i g h l y  r e l a t e d  t o  l o c a l  atmospher ic 
cond i t i ons ;  hence, i t  i s  ve r y  l i k e l y  t h a t  i d e n t i c a l  systems 
w i l l  pe r fo rm d i f f e r e n t l y  a t  d i f f e r e n t  l o c a t i o n s .  
( 2 )  The water - temperature r i s e  encountered a t  t h e  condensers 
v a r i e s  f r o m  10" t o  30°F; t h e r e f o r e ,  i n  a  w a t e r - r i c h  area 
i t  may be d e s i r a b l e  t o  use more wate r  i n  o r d e r  t o  have a  
l owe r  temperature r i s e  th rough  t he  condenser. 
Even though l o c a l  c o n d i t i o n s  s p e c i f y  a  range o f  water  requi rements  f o r  
a  g i ven  a l t e r n a t i v e ,  t h i s  f a c t  a lone  i s  n o t  s u f f i c i e n t  t o  j u s t i f y  t h e  i n c l u s i o n  
o f  these  ranges i n  an o p t i m i z a t i o n  model. Tha t  i s ,  t h e  model would always choose 
t he  l owe r  bound o f  t he  range un less  some bene f i t s  a r e  i n c u r r e d  i n  go ing  above it. 
As mentioned above, however, l owe r  temperature r i s e s  can be ach ieved by u s i n g  
more water,  p roduc ing  b e n e f i t s  i n  terms o f  o v e r a l l  p l a n t  e f f i c i e n c y  because o f  
i nc reased  tu , rb ine  ou tpu t .  A lso,  t h e r e  may be l e s s  impact on t h e  environment,  
s i n c e  l e s s  hea t  w i l l  be d i s s i p a t e d  and i t  w i l l  be d i l u t e d .  For  these reasons 
t h e  m o d i f i c a t i o n  g i v e n  below i s  designed t o  cons ider  ranges o f  wa te r  r e q u i r e -  
ments f o r  t h e  d i f f e r e n t  c o o l i n g  a l t e r n a t i v e s .  
. .. , . ,  
The LP model can be mod i f ied  so t h a t  t h e  wa te r  requi rements  ( u G ~ )  a re  
d e c i s i o n  v a r i a b l e s  r a t h e r  than cons tan ts  r e f l e c t i n g  averages. These new d e c i s i o n  
v a r i a b l e s  would be bounded f rom above and below as s p e c i f i e d  by t h e i r  r e s p e c t i v e  
range. For example, bounds a r e  g i ven  be1 ow f o r  coa l  - g a s i f i c a t i o n  water  r e q u i r e -  
men t s  : 
where 
LWGa = lower  bound on t h e  amount o f  water  r e q u i r e d  f o r  a  u n i t - s i z e  
g a s i f i c a t i o n  p l a n t  employing c o o l i n g  a1 t e r n a t i v e  a  (GPM). 
S i m i l a r  c o n s t r a i n t s  would be i n t r oduced  f o r  n u c l e a r  and c o a l - f i r e d  e l e c t r i c  
f a c i l i t i e s .  I t  should  be noted t h a t  t h e  process wate r  requ i rement  f o r  c o a l -  
g a s i f i c a n t  f a c i l i t i e s  cou ld  be w r i t t e n  as a  separate  c o n s t r a i n t ,  o r  i t  cou ld  be 
added t o  t h e  mun i c i pa l  and i n d u s t r i a l  demand as d iscussed i n  Chapter 2. I n  e i t h e r  
o f  these cases, t he  d i s c u s s i o n  here would app l y  o n l y  t o  t h e  c o o l i n g  wa te r  r e q u i r e -  
ments. 
T h i s  m o d i f i c a t i o n  g r e a t l y  comp l i ca tes  t h e  mathematical  f o rmu la t i on ,  s i n c e  t he  
c o n s t r a i n t s  f o r  t h e  wa te r  demands o f  power f a c i l i t i e s  have product  terms (e .g . ,  
a  a  WGm*sm). and t hus  t h e  problem i s  now a  n o n l i n e a r  programming problem. E f f i c i e n t ,  
genera l  purpose, non l  i n e a r  programming a l go r i t hms  t h a t  can op t ima l  l y  so l  ve a  
problem of t h i s  s i z e  do n o t  e x i s t  a t  t h i s  t ime.  A  ma jo r  e f f o r t  o f  t h i s  s tudy  has 
been d i r e c t e d  a t  t h e  a p p l i e d  problem d iscussed here.  
I n  summary, two t r a d e - o f f s  can be eva lua ted  by t h e  model. One i s  assoc ia ted  
w i t h  a l l  t h e  c o o l i n g  a l t e r n a t i v e s ;  i . e . ,  an a l t e r n a t i v e  r e q u i r i n g  l e s s  water  has 
a  h i g h e r  system cos t .  The o t h e r  i s  assoc ia ted  w i t h  a  s p e c i f i c  a1 t e r n a t i v e ;  i .e. , 
i t  m igh t  be d e s i r a b l e  t o  go above t h e  lower  bound of t h e  water  requi rement  f o r  a  
g i ven  a1 t e r n a t i v e .  
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Trans fo rmat ion  1  
I f  y = x1x2 then  i n  y = I n  xl + I n  x 2  
T rans fo rmat ion  2  
The l a t t e r  t r a n s f o r m a t i o n  i s  o f  p a r t i c u l a r  i n t e r e s t  because i t  can be used t o  
express any q u a d r a t i c  f u n c t i o n  as t h e  sums o r  d i f f e r e n c e s  o f  squares.  T h i s  r e s u l t  
f o l l o w s  s i n c e  any p r o d u c t  t e r m  (e.g., x1x2) can be w r i t t e n  as a  d i f f e r e n c e  o f  
squares as shown. Hence, any q u a d r a t i c  f u n c t i o n  i s  amenable t o  separab le  program- 
mi ng. 
A group o f  equa t ions  and s p e c i a l  r u l e s  a r e  r e q u i r e d  f o r  each separab le  f u n c t i o n  
i n  o r d e r  t o  produce v a l i d  approx imat ions  t o  t h e  non l  i n e a r  f u n c t i o n s  u s i n g  p iecew ise -  
l i n e a r i z e d  segments. ( T h i s  requ i rement  i s  f r e q u e n t l y  r e f e r r e d  t o  as "separab le  
l o g i c " .  ) Enforcement o f  separab le  1  o g i c  i s  commonly ach ieved by r e s t r i c t i n g  t h e  
e n t r y  o f  c e r t a i n  v a r i a b l e s  t o  t h e  b a s i s .  I n  t h e  l i t e r a t u r e  two forms o f  t h e  approx- 
i m a t i n g  p r o ~ ~ l e m  a r e  g i v e n  f o r  implement ing separab le  l o g i c :  t h e  A- fo rm and t h e  
8- form (Had1 ey, 1964). 
By t h e  manner i n  which approx imat ions  a r e  i n t r o d u c e d  f o r  each separab le  
f u n c t i o n ,  these  f u n c t i o n s  w i l l  r e t a i n  t h e i r  c o n v e x i t y - c o n c a v i t y  p r o p e r t i e s .  There- 
f o r e ,  i f  t h e  c o n v e x i t y - c o n c a v i t y  p r o p e r t i e s  of t h e  o r i g i n a l  n o n l i n e a r  program 
a r e  such t h a t  any l o c a l  optimum i s  a l s o  a  g l o b a l  optimum, t h e n  any l o c a l  optimum 
t o  t h e  a p p r o x i ~ i i a t i n g  problem w i l l  a l s o  be a  g l o b a l  optimum. The l a t t e r  s o l u t i o n  
w i l l  be an approx imat ion  t o  a  p o i n t  a t  which t h e  o r i g i n a l  prob lem assumes i t s  
g l o b a l  optimum. Under these  c i rcumstances,  as t h e  g r i d  l i n e a r i z a t i o n  i s  made f i n e r  
and f i n e r ,  t h e  s o l u t i o n  t o  t h e  approx imat ing  problem, i n  t h e  l i m i t ,  approaches 
t h e  s o l u t i o n  t o  t h e  o r i g i n a l  problem (Hadley, 1964).  
I n  t h e  absence o f  p r o p e r  c o n v e x i t y - c o n c a v i t y  c h a r a c t e r i s t i c s  t h e  s o l u t i o n  
ob ta ined  t o  t h e  approx imat ing  problem, th rough  t h e  use o f  r e s t r i c t e d  b a s i s  e n t r y ,  
w i l l  be a  l o c a l  optimum (see Hadley, ['I9641 f o r  a  complete p r o o f ) .  A mixed- 
i n t e g e r  l i n e a r  programming (MILP) model can be used t o  f o r m u l a t e  t h e  problem i n  
such a  way t h a t  t h e  g l o b a l  o p t i m a l  s o l u t i o n  can be obta ined;  i n  t h i s  f o r m u l a t i o n  
separab le  l o g i c  i s  en fo rced  th rough  t h e  use o f  b i n a r y  ( i n t e g e r )  v a r i a b l e s  i n s t e a d  
o f  r e s t r i c t e d  b a s i s  e n t r y  (Hadley, 1964). The obv ious drawbacks o f  MILP models 
a r e  t h e  need f o r  a  l a r g e  number o f  i n t e g e r  v a r i a b l e s  (one f o r  each segment) and 
t h e  l a c k  o f  e f f i c i e n t  s o l u t i o n  a l g o r i t h m s .  The QlILP approach i s  d iscussed f u r t h e r  
i n  S e c t i o n  3.4. 
For  s p e c i a l  problems, a  v e r y  power fu l  and i n t e r e s t i n g  c h a r a c t e r i s t i c  o f  
separab le  programming i s  t h a t  separab le  l o g i c  w i l l  be a u t o m a t i c a l l y  s a t i s f i e d  
(and need n o t  be en fo rced  exp l  i c i t l y )  f o r  t h e  convex f u n c t i o n s  ( f o r  m i n i m i z a t i o n )  
i n  t h e  o b j e c t i v e  f u n c t i o n  o r  on t h e  l e f t - h a n d  s i d e  o f  a  less - than-o r -equa l  con- . 
s t r a i n t  (Beal e, 1970). T h i s  c h a r a c t e r i s t i c  i s  i m p o r t a n t  because w i t h o u t  t h e  ex- 
p l  i c i  t enforcement o f  separab le  l o g i c ,  e i t h e r  c o m p l e t e l y  o r  p a r t i a l l y ,  computat iona l  
e f f i c i e n c y  can be s i g n i f i c a n t l y  improved. 
As ment ioned e a r l i e r ,  t h e  n o n l i n e a r  program (NLP) i n  q u e s t i o n  has n o n l i n e a r  
c o n s t r a i n t s  o f  t h e  f o l l o w i n g  t y p e  o n l y :  
Se t  5 '  G a s i f i c a t i o n  Water Demand 
1 wate r  s u p p l i e s  
S ince  separab le  programming (SP) can u t i l i z e  t r a n s f o r m a t i o n s  t o  handle  p r o d u c t  
terms, i t  can be used t o  f i n d  a t  l e a s t  a  l o c a l  o p t i n ~ u ~ n  t o  t h e  NLP. A d e t a i l e d  
c o n v e x i t y  and c o n c a v i t y  a n a l y s i s  o f  t h e  above NLP i s  g i v e n  by Vel i o g l  u  (1  976). 
He shows t h a t ,  because o f  t h e  c o n s t r a i n t s  1  i ke those  i n  Se t  5 ' ,  t h e  c o n s t r a i n t  
s e t  o f  t h e  NLP i s  convex i n  cases where an i n c r e a s e  i n  sa r e s u l t s  i n  an i n c r e a s e  
m 
i n  W G ~ .  There i s  no j u s t i f i c a t i o n ,  however, f o r  e x p e c t i n g  o r  r e q u i r i n g  t h i s  k i n d  
of  r e l a t i o n s h i p  between s i  and W G ~ .  Therefore ,  s o l v i n g  t h e  giver,  NLP by separab le  
programrnir~g would n o t  guarantee g l o b a l  o p t i m a l  i ty. 
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In th i s  study no attempt has been made to  quantify benefits; instead, an 
indirect path will be demonstrated for  determining the monetary levels u p  t o  which 
benefits would not change the mathematically optimal solution. These c r i t i ca l  
levels are evaluated using a new s e t  of variables, um, a and a new s e t  of constraints,  
as follows: 
where 
a 
= amount of water in excess of the lower l imit  of the cooling-water 
requirement for  the coal -gasification plant capacity employing 
cooling a1 ternative a in subregion m (GPM) 
Similar variables are  also needed for coal-fired and nuclear e l ec t r i c  plants. Now, 
equation 3.6 can be replaced by: 
From equation 3.7 i t  follows that :  
a a 
~ ~ ~ m . 5 ~  = u + LWG =sm 
m m 
Therefore, using equation 3.9, the water demand constraints for coal-gasification 
plants can be rewritten in 1 inear form as: 
Set 5 '  Gasification Water Demand 
a a 1 water supplies - > l ( u a  + LWG .sm) 
m 
Thus, one can apply separable programming to  solve the NLP taking into account 
the u n i t  benefit coefficients (dol lars  per GPPI) for using an amount of water in 
excess of the minimum. In the case where a l l  benefit coefficients are s e t  to zero, 
t h e n  c l e a r l y  i n  a  m a t h e m a t i c a l l y  o p t i m a l  s o l u t i o n  a l l  w a t e r  requ i rements  would be 
a t  t h e i r  l o w e r  bounds, and a l l  excess w a t e r  v a r i a b l e s  would be ze ro .  Otherwise,  
unnecessary expenses would be i n c u r r e d  f o r  s u p p l y i n g  wa te r .  
I n  t h e  case where b e n e f i t  c o e f f i c i e n t s  a r e  s e t  t o  ze ro ,  however, one can 
o b t a i n  an e s t i m a t e  o f  t h e  c r i t i c a l  v a l u e s  o f  t h e s e  b e n e f i t s .  A t  t h e  c r i t i c a l  
va lues,  g i v e n  by  t h e  reduced c o s t s  o f  t h e  u i  v a r i a b l e s  i n  t h e  o p t i m a l  LP o b j e c t i v e  
row, t h e  rr~odel would s e l e c t  h i g h e r  w a t e r  usage l e v e l s .  These c r i t i c a l  va lues  a r e  
u s e f u l  because t h e y  can be compared t o  " b a l l - p a r k "  e s t i m a t e s  f o r  t h e  b e n e f i t s .  
Based on t h i s  t y p e  o f  compar ison,  s e l e c t e d  w a t e r  use v a r i a b l e s  m i g h t  be permanent ly  
s e t  t o  t h e i r  l o w e r  l i m i t s ,  t h e r e b y  r e d u c i n g  t h e  s i z e  o f  t h e  mathemat ica l  problem 
f o r  f u t u r e  p l a n n i n g  ana lyses .  
3.3.4 A p p l i c a t i o n  o f  t h e  Separab le  Programming Model t o  an Example Region 
A  14.-county r e g i o n  i n  t h e  wes te rn  p a r t  o f  t h e  s t a t e  o f  I l l i n o i s  was chosen 
as t h e  sample r e g i o n  f o r  an example a p p l i c a t i o n  o f  t h e  SP model. The s e l e c t e d  
r e g i o n  i l l u s t r a t e s  t h e  range o f  c o n d i t i o n s  t y p i c a l l y  found i n  I l l i n o i s .  It i s  
bounded on t h e  west  by  t h e  M i s s i s s i p p i  R i v e r ,  a  m a j o r  w a t e r  source.  F low ing  
t h r o u g h  i t  i s  t h e  Ill i n o i s  R i v e r ,  t h e  m a j o r  r i v e r  i n t e r n a l  t o  t h e  s t a t e .  I t  a l s o  
c o n t a i n s  groundwater  sources and p o t e n t i a l  r e s e r v o i r  s i t e s .  Some c o u n t i e s  have 
abundant w a t e r  s u p p l i e s  and some have w a t e r  shor tages .  I n  a d d i t i o n ,  some o f  t h e  
c o u n t i e s  have l a r g e  c o a l  r e s e r v e s  w h i l e  o t h e r s  do n o t .  These resources  a r e  i n -  . 
d i c a t e d  on t h e  map i n  F i g u r e  3.2. 
The c o u n t y  w a t e r  demands and t h e  s u p p l i e s  o f  c o a l  and w a t e r  a r e  s p e c i f i e d  i n  
t h e  same way as d i scussed  i n  S e c t i o n  2.3. A  number o f  s i m p l i f i c a t i o n s .  were made 
f o r  t h i s  example, i n c l u d i n g  these:  n u c l e a r  p l a n t s  were n o t  cons ide red ,  w a t e r  r e -  
t u r n s  were n o t  s p e c i f i e d ,  e l e c t r i c i t y  t r a n s m i s s i o n  l o s s e s  were n e g l e c t e d ,  and 
w a t e r  t r e a t m e n t  c o s t s  were assumed t o  be t h e  same f o r  a l l  uses. I n  an a c t u a l  
a p p l i c a t i o n  o f  t h e  model, any o f  t h e s e  f a c t o r s  c o u l d  e a s i l y  be i n c l u d e d .  
Demands f o r  gas and e l e c t r i c i t y  were s p e c i f i e d  f o r  two p o i n t s ,  one i n s i d e  t h e  
r e g i o n ,  a t  S p r i n g f i e l d ,  and t h e  second one o u t s i d e  t h e  r e g i o n ,  a t  Chicago. The 
dekand l e v e l s  f o r  e l e c t r i c i t y  were based on p r o j e c t i o n s  made f o r  t h e s e  a reas  by  
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Figure  3.2 Fourteen Coucty Example Regio:: 
i n  I l l i n o i s  
t h e  FPC (1971),  and t h e  gas demand l e v e l s  were se lec ted  on t h e  b a s i s  o f  rough 
6  es t imates ;  t h e  aggregate demands were 6500 MW and 1350 x  10  SCFD, g iven  i n  
Table  3.1, and t h e  water - requi rement  ranges f o r  t h e  energy f a c i l i t i e s  were as 
g i ven  i n  Table  3.2. 
Assuming t h a t  a  computer code w i t h  p r o v i s i o n s  f o r  s imp le  upper bounds i s  used 
(such as t h e  IBMIMPSX Code used i n  t h i s  s tudy  [IBM, 1971]), t h e  number o f  con- 
s t r a i n t s  r e q u i r e d  by T rans fo rmat ion  2  i s  l e s s  than t h a t  r e q u i r e d  by Transormat ion ' 
1, us i ng  t h e  6 - f o rmu la t i on  o f  t h e  SP. Therefore,  T rans fo rmat ion  2  was used, and 
t h r e e  p iecewise  l i n e a r  segments were used f o r  each n o n l i n e a r  f u n c t i o n .  An example 
of t h e  s e r i e s  o f  c o n s t r a i n t s  r e q u i r e d  by t h e  f o r m u l a t i o n  i s  g i ven  by Vel i o g l u  (1976).  
The program, as a p p l i e d  t o  t h e  sample r eg ion ,  had 459 c o n s t r a i n t s ,  o f  which 
336 were r e q u i r e d  by  t h e  approxirnat ions o f  t h e  n o n l i n e a r  f u n c t i o n s .  The problem 
had 1736 v a r i a b l e s ,  o f  which 672 were bounded v a r i a b l e s  f o r  t h e  l i n e a r  segments 
o f  t h e  approx imat ions.  
The i n i t i a l  s e r i e s  o f  computer runs  was aimed a t  g a i n i n g  i n s i g h t  i n t o  t h e  
a p p l i c a b i l i t y  o f  separab le  programming. As suggested e a r l i e r ,  t h e  u n i t  b e n e f i t s  
f o r  go ing above t h e  minimum wate r  requi rements  were i n i t i a l l y  s e t  t o  zero,  and 
t h e  SP was so lved  us i ng  t h e  r e s t r i c t e d  bas i s  approach. The s o l u t i o n ,  which has 
an o b j e c t i v e  va l ue  o f  $78 m i l l i o n  (annual  c o s t ) ,  i s  p a r t i a l l y  presented i n  Table  
3.3. LP s o l u t i o n  i n c l u d e d  i n  t h a t  t a b l e  was ob ta ined  by s o l v i n g  t h e  problem w i t h  
t h e  wate r  requi rements  s e t  t o  t h e i r  l ower  bounds a  p r i o r i .  The l a t t e r  s o l u t i o n  
i s  t h e  g l o b a l  op t ima l  s o l u t i o n  w i t h  an o b j e c t i v e  va lue  o f  $78 m i l l i o n ,  s i nce  t h e  
un i  t b e n e f i t s  a r e  zero.  
The o b j e c t i v e  f u n c t i o n  o f  t h e  l o c a l  optimum ob ta ined  us i ng  SP i s  w i t h i n  1.5 
percen t  o f  t h a t  f rom t h e  g l oba l  optimum, a l though  t he  s o l u t i o n s  a r e  d i f f e r e n t  
w i t h  r espec t  t o  t h e  s i z e  and l o c a t i o n  o f  t h e  power p l a n t  c a p a c i t i e s .  The c o o l i n g  
methods chosen f o r  bo th  cases cons i s t ed  o f  c o o l i n g  ponds and spray  ponds. Wi th  
one excep t ion ,  bo th  s o l u t i o n s  s p e c i f i e d  t h e  same c o u n t i e s  as l o c a t i o n s  f o r  energy- 
f a c i l i t y  c a p a c i t i e s ,  a1 though t h e  c o a l - g a s i f i c a t i o n  and coa l  - f i r e d  e l e c t r i c  p l a n t s  
were in terchanged.  The LP model r e q u i r e d  599 i t e r a t i o n s  t o  reach t h e  optimum i n  
abou t  0.65 m inu tes  of CPU t ime,  whereas t h e  SP model r e q u i r e d  t w i c e  as many 
i n t e r a t i o n s  and a p p r o x i m a t e l y  f i v e  t i m e s  as rnuch CPU t i m e .  T h i s  d i f f e r e n c e  r e -  
s u l t s  f r o m  t h e  i n c r e a s e  i n  t h e  number o f  extreme p o i n t s  produced by  t h e  g r i d  
1  i n e a r i z a t i o n  i n  t h e  SP model. 
The second s e t  o f  computer r u n s  was d i r e c t e d  a t  i m p r o v i n g  t h e  computational 
e f f i c i e n c y  o f  t h e  SP approach by  i d e n t i f y i n g  those  n o n l i n e a r  f u n c t i o n s  f o r  wh ich 
t h e  s e p a r a b l e  l o g i c  would n o t  have t o  be e n f o r c e d  e x p l i c i t l y .  F o r  t h e  case where 
b e n e f i t  c o e f f i c i e n t s  a r e  zero ,  i t  can be shown t h a t  i t  i s  n o t  necessary  t o  e n f o r c e  
e x p l  i c i  t l y  t h e  separab le  1  o g i  c  f o r  some of t h e  p iecew ise  approx ima t ions  p el i o g l  u, 
1976). I n  p a r t i c u l a r ,  t h i s  requ i rement  can be o m i t t e d  f o r  t h e  approx ima t ions  t o  
t h e  second n o n l i n e a r  te rms of  t h e  t rans fo rmat ions - -e .g . ,  ( w g i  - ~ i ) ~ - - a n d  f o r  t h e  
2  
analogous terms f o r  e l e c t r i c  p l a n t s .  As expected,  t h e  CPU t i m e  was decreased . 
( t o  2.36 as opposed t o  3.25 m i n u t e s ) .  Severa l  " v i o l a t i o n s "  o f  t h e  l o g i c  d i d  
appear, b u t  each co r respor~ded  t o  an a l t e r n a t e  opt ima wh ich  was .the g l o b a l l y  o p t i m a l  
s o l u t i o n  found by  LP and g i v e n  i n  Tab le  3.3. Thus, i t  i s  p o s s i b l e  t o  s i g n i f i -  
c a n t l y  reduce comput ing t i m e  by  o m i t t i n g  t h e  unnecessary requ i rements .  I n  a d d i t i o n ,  
i t  was shown t h a t  by  changing t h e  i t e r a t i o n  p o l i c i e s  o r  even t h e  o r d e r  o f  t h e  d a t a ,  
d i f f e r e n t  SP s o l u t i o n s  were produced. T h i s  imp1 i e s  t h a t  d i f f e r e n t  l o c a l  opt ima 
a r e  i d e n t i f i e d  and can be f u r t h e r  e v a l u a t e d  i n  t h e  p l a n n i n g  process.  
I n  a d d i t i o n  t o  i t s  simp1 i c i t y  i n  a p p l i c a t i o n ,  separab le  prograrnmir~g o f f e r s  
a n o t h e r  v e r y  power fu l  c a p a b i l i t y ,  p a r a m e t r i c  programming, wh ich a l l o w s  one t o  
observe t h e  e f f e c t s  on t h e  o v e r a l l  p rob lem o f  changes i n  t h e  r i g h t - h a n d  s i d e s ,  con- 
s t r a i n t  c o e f f i c i e n t s ,  and c o s t  c o e f f i c i e n t s .  Hence, i t  can p l a y  an i m p o r t a n t  r o l e  
i n  t h e  process o f  e v a l u a t i n g  m a j o r  p o l i c y  i s s u e s .  
Example p a r a m e t e r i z a t i o n s  were per formed on: 
( 1 )  C o o l i n g  system c o s t s  
( 2 )  R i v e r  w a t e r  a v a i l a b i l i t y  
( 3 )  Water s u p p l y  c o s t s  f o r  power g e n e r a t i o n  
( 4 )  Energy shipment c o s t s  
O f  t h e  f o u r  cases, t h e  f i r s t  two p a r a m e t e r i z a t i o n s  produced s i g n i f i c a n t  
Table 3.3 - P a r t i a l  S o l u t i o n s  t o  t h e  Separable Programming 
and L inea r  Programming Models 
Number o f  U n i t - S i z e  
G a s i f i c a t i o n  P l a n t s  
Coo l ing  . 
County Name A1 t e r n a t i v e  Separable Prograrrlrrli ng L i n e a r  Programming 
S c o t t  (86)a Spray Ponds 
Cass (9 )  Spray Ponds 
Mason (63)  Spray Ponds 
Menard (65) Spray Ponds 
Morgan (69) Spray Ponds 
Macoupin (59) Spray Ponds 
Number o f  U n i t - S i z e  
E l e c t r i c  P l a n t s  
Separabl e Programming L i  near Programmi ng 
Macoupin (59)  
Greene (31) 
Jersey (42) 
S c o t t  (86) 
Cass (9 )  
Mason (63) 
Menard (65) 
Morgan (69) 
Macoupi n (59)  
Greene (31) 
Coo l ing  Ponds 
Cool i ng Ponds 
Coo l i ng  Ponds 
Spray Ponds 
Spray Ponds 
Spray Ponds 
Spray Ponds 
Sprqy Ponds 
Spray Ponds 
Spray Ponds 
a County numbers as g i ven  i n  F igu re  3. 2. 
changes i n  t h e  c o o l i n g  systems s p e c i f i e d  by the  so lu t i ons .  Also, d i f f e r e n t  water 
and energy supply pa t te rns  were observed a t  each parameter iza t ion  increment. On 
the  o the r  hand, Cases 3 and 4  had almost no bear ing on the  choice o f  coo l i ng  
a l t e r n a t i v e s  u n t i l  t he  extremes o f  t h e  parameter values were reached. 
I n  Cases 3 and 4, however, a l l  changes i n  t he  o b j e c t i v e  func t i ons  can be 
a t t r i b u t e d  t o  the  changes d i r e c t l y  imposed by changes i n  t h e  water supply and 
energy shipment costs;  t he  resource and energy shipments and t h e  power f a c i l i t y  
s izes  and l o c a t i o n s  were n o t  a f fec ted  s i g n i f i c a n t l y .  I n t e r e s t i n g l y ,  the  t o t a l  
c o s t  f o r  supp ly ing  munic ipal  water t o  each county was r e l a t i v e l y  i n s e n s i t i v e  t o  
changes i n  a1 1  f o u r  cases (Ve l i og lu ,  1976). For t h e  example region,  i t  was found 
t h a t  changes i n  c o o l i n g  system cos ts  have t h e  g rea tes t  i n f l u e n c e  on t h e  o b j e c t i v e  
func t ion ,  fo l lowed by energy shipment costs,  r i v e r  water a v a i l a b i l i t y  and water 
supply cos ts  f o r  power genera t i  on. 
So f a r ,  t he  b e n e f i t s  (e.g., BG:) f o r  going above the  lower bounds o f  t he  
water  requirements were assumed t o  be zero. There were two reasons f o r  t h i s  assump- 
t i o n :  ( 1 )  b e n e f i t  c o e f f i c i e n t s  a re  u s u a l l y  n o t  known and ( 2 )  the  "goodness" o f  
t he  so lu t i ons  cou ld  be checked by running an equ i va len t  LP model t o  f i n d  the  
g l o b a l l y  opt imal  so lu t i on .  It i s  important  t o  note, however, t h a t  an SP s o l u t i o n  
has more in fo r r r~a t io r l  than the  corresponding LP s o l u t i o n  about the  e f f e c t  o f  such 
b e n e f i t s .  S p e c i f i c a l l y ,  t h e  c r i t i c a l  values a r e  g iven  a t  which these b e n e f i t s  
would change t h e  opt imal  so lu t i on .  For example, when t h e  average values fo r  
cool ing-system cos ts  g iven by Dynatech (1969) were used, t h e  c r i t i c a l  monetary 
l e v e l s  var ied  f rom $54 t o  $214. Otherwise, i t  i s  n o t  wor thwh i le  t o  use a d d i t i o n -  
a l  water.  S i m i l a r l y ,  f o r  Roa's (1972) costs ,  these l e v e l s  va r i ed  from $18 t o  $165/ 
GPM. It should be noted t h a t  t h e  above l e v e l s  a r e  a  func t ion  o f  p l a n t  s ize ,  loca-  
t i o n  and type, and o f  t he  c o o l i n g  a l t e r n a t i v e  i n  quest ion.  
To observe the  e f fec t  on o v e r a l l  problem behavior o f  us ing  nonzero b e n e f i t  
coe f f i c i en ts ,  a  run  was made where the  b e n e f i t  l e v e l s  were a r b i t r a r i l y  s e t  20% 
h igher  than t h e  c r i t i c a l  values found i n  t he  SP s o l u t i o n  i n  the  count ies  where 
power f a c i l i t i e s  were spec i f i ed .  The new s o l u t i o n  was found us ing  SPY and as ex- 
pected i t  was observed t h a t  ass ign ing  s u f f i c i e n t l y  higkl b e n e f i t s  t o  these va r i ab les  
d i d  indeed a f f e c t  t he  s i z e  and l o c a t i o n  o f  power p l a n t s  as w e l l  as t he  coo l i ng  
a l t e r n a t i v e s  used and produced water  usage l e v e l s  g r e a t e r  than  t h e i r  lower  l i m i t s  
(Vegl i o g l  u; 1976) 
I f  b e n e f i t  c o e f f i c i e n t s  a re  n o t  considered, one need n o t  worry  about t he  de- 
gree o f  approx imat ion in t roduced by g r i d  l i n e a r i z a t i o n ,  because no excess water 
a  ( u , )  w i l l  be used. The water  demand c o n s t r a i n t s  (equa t ion  3.10) guarantee t he  
shipment of t he  minimum amount o f  water  t o  every  subregion w i t h  power f a c i l i t i e s .  
I n  t h i s  case, then, t he  exac t  va lues o f  t he  water  requi rements (wG;), as d e t e r -  
mined by t he  model, a re  n o t  impor tan t .  They should equal t h e i r  l ower  bounds and 
a r e  t r e a t e d  acco rd ing l y ,  even i f  the  l i n e a r  p iecewise approx imat ions produce 
s l i g h t l y  d i f f e r e n t  values. I f  the  b e n e f i t s  o f  e x t r a  water  a re  t o  be considered, 
however, t he  e x t r a  water  usage i s  impor tan t .  As shown by Vel i o g l u  (1976), t he  
va lues obta ined from t h e  model were s u i t a b l e  f o r  p l ann ing  purposes, s i nce  t hey  
were w i t h i n  f i v e  percen t  o f  those c a l c u l a t e d  f rom t h e  si?i and W G ~  values. 
I n c i d e n t a l l y ,  t he  water  demand c o n s t r a i n t s  a l s o  imp l y  t h a t  any f e a s i b l e  
s o l u t i o n  t o  t he  approximate problem i s  a l s o  a  f e a s i b l e  s o l u t i o n  t o  t he  o r i g i n a l  
problern, s i nce  these a r e  t he  o n l y  c o n s t r a i n t  se t s  t h a t  t i e  t he  approx imat ions t o  
t he  o r i g i n a l  problem and s i nce  these c o n s t r a i n t s  ensure t h a t  a t  l e a s t  t he  minimum 
water  requi rements a r e  met i n  each subregion. 
3.4 USING MIXED INTEGER PROGRAMIYING TO SOLVE THE NONLINEAR PROGRAMS 
To develop an understanding o f  t he  computat ional  performance o f  t he  separable 
programming a l g o r i t h m  us ing  r e s t r i c t e d  bas i s  e n t r y  as compared t o  t h e  mixed i n t e r g e r  
f o rmu la t i on  g iven  by Had1 ey (1 964), a  h y p o t h e t i c a l  , 3-county r e g i o n  w i t h  t h ree  
water  supp ly  p o i n t s  and two energy demand p o i n t s  was considered. A v e r y  smal l  
r e g i o n  was used because o f  t he  computing 1  i m i t a t i o n s  posed by t he  i n t e g e r  va r i ab les .  
The example problem was so lved as ( 1 )  a  1  i n e a r  program (LP), ( 2 )  a  separable 
program us ing  r e s t r i c t e d  b a s i s  e n t r y  (SP) , and (3)  a  mixed i n t e g e r  program us ing  
i n t e g e r  v a r i a b l e s  i ns tead  o f  r e s t r i c t e d  bas i s  e n t r y  (MIP). The mixed i n t e g e r  pro-  
grams were so lved us ing  an op t ima l  f e a t u r e  o f  t he  IBM/MPSX code (IBM, 1973). A 
s u b s t a n t i a l  i nc rease  was observed i n  t he  number of c o n s t r a i n t s ,  v a r i a b l e s  and t h e  
r e q u i r e d  CPU t ime i n  go ing f rom the  LP t o  t h e  SP method and f rom t h e  SP t o  t h e  M I P  
method. The f o l l o w i n g  observa t ions  were made: 
6u~urure~6o~d alqe~edas ay2 ~oj .pakj!auapk aq ue3 Lay2 4~ uok6a~ alqksea4 ay2 Jo/pue I 
uokq~unj a~kq3aCqo ayq 40 suoeq~od xa~uo3 ayq 40 a6eque~pe aye2 ~~kqs ue3 auo i 
'a~eds uo~qnlos alqisea4 xa~uo:, e pue (uo~qezk~~l~ukur JOJ) uokq~un4 a~iq3arqo xaA r 
-uo3 e aAey qou Keur uralqo~d ayq y6noyq uaA3 -a3ueq~odurk qsotuqn 40 s! sakq~ado~d I I 
Kqk~e3uo3 pue Kqixa~uo3 ayq 40 scsK~eue palkeqap e uralqo~d 40 adKq sky? JO-J 
-skoukll~ uJaqsaM ilk uoklja~ Kquno3-pl e JOJ paqeJqsuoulap SPM poyqaur ayq 'uok6auc a6~el 
e JOJ uaAa ~e3kq3e~d aqoq u~oys seM ualqo~d sky2 fiuk~~os oq y~eo~dde 6u~tuure~6o~d ! 
alqe~edas \ 'aAkqeuJaqLP 6uk~oo3 y3ea JOJ abesn JaqeM 40 slaAal quaJa4jkp ~apksuo3 
I 
> 
03 pasn aq up:, uoFqelnuJJo4 Jeaulluou e qeyq u~oys se~ q~'E-E uokq3as UI I ' 
I , 
opa~apksuo3 aq 07 aJe Kayq jk KJLA~~~P 
6ukuueld e 40 a6eqs 6ukuaa~3s K~eu!ur!,~a~d ayq qe papnl~uk aq suaqsKs asayq qeyq 1 I
1 
JaqPM e hukuueld uk pasn aq 07 Lapotu 6u~urure~6o~d JeauFL e ui sak6olouy3a~ 6u;~oo3 
6uksn punoj asoyq ueyq Jaqqaq suokJnlos 40 quaurukeqqe ayq pue 
auk3 uokqeqnduro3 uaaMqaq 440-ape47 que3k~~u6ks e oq speal '~a~a 
-MO~ 'y3eo~dde sky1 -3k6ol al-qe~edas axojua 07 salqekJeA JeaukL 
pue K~qua skseq paq3LJqsavl 40 xku~ e asn 03 a1.q kssod os LP s! 21 
-sua lqo~d ~a6~e 04 Kl lekquauodxa asea~~u saorq 6u kuun~ paqsad 
-xa ayq pue 'suralqo~d ~ellls KJ~A JOJ uaAa ~~3kq3e~durk aq Ketu J! 
snyl ('aurkq nd3 40 saqnukw Jaqje pun04 qou SPM uokqelnurJo4 
~IW ayq oq uokqnlos ~eurkqdo ayq 'uralqo~d aldulexa 1 Leurs KJ~A ayq. 
JOJ 'asp:, auo UI) -uokJnlos ~euriqdo ayq q~eauc oq auk? 40 qunolde 
alqeJaplsuoa e a~~nba.4 Keu pug quapuadap uralqo~d KJ~A s& dl~ (z) 
'dl 02 
pa~eduro3 se auk7 ~aqnduo~ 40 qunoule alqeuoseaJ e u~yqk~ uokqnlos 
,,poo6 KJ~A,, e piakK paapuk Leu (K~qua skseq paq~pqsa~ Y~LM) ds (1) 
a l g o r i t h m  i t  i s  n o t  necessary t o  e x p l i c i t l y  en fo rce  separable l o g i c  f o r  t h e  
p iecewise ' l i n e a r  approx imat ions o f  t h e  convex p o r t i o n s  o f  t h e  o b j e c t i v e  f u n c t i o n  
( f o r  m in im iza t i on )  and/or o f  t h e  s o l u t i o n  space. Omi t t i ng  t h i s  requi rement  leads 
t o  a  s i g n i f i c a n t  improvement i n  computat ional  e f f i c i e n c y  f o r  t h e  problem cons ider -  
ed here. 
The separable l o g i c  f o r  t h e  p iecewise l i n e a r  approx imat ions can be e f f e c t i v e l y  
enforced by us ing  r e s t r i c t e d  bas i s  e n t r y ,  and t h i s  approach was observed t o  y i e l d  
"good" s o l u t i o n s  w i t h i n  a  reasonable amount o f  t ime  f o r  b o t h  l a r g e  and small p ro -  
blems. I n  c o n t r a s t ,  however, as shown i n  Sec t ion  3.4, t h e  mixed i n t e g e r  program- 
mi ng approach was observed t o  be i m p r a c t i c a l  because i t  r e q u i  r e s  1  ong computat ion 
t imes even f o r  v e r y  smal l  problems. 
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CHAPTER 4: A  NETWORK FORMULATION 
4.1 INTRODUCTION 
Th i s  chap te r  presents  a  network s o l u t i o n  method f o r  t h e  bas ic  model descr ibed 
i n  Chapters 1 and 2. Network a l go r i t hms  have proven t o  be f a r  more compu ta t i ona l l y  
e f f i c i e n t  than t h e  simplex method f o r  s o l v i n g  network problems, l e a d i n g  t o  poten- 
t i a l  c o s t  r educ t i ons  which a r e  e s p e c i a l l y  impor tan t  i n  s o l v i n g  l a r g e  problems 
(e.g., m u l t i p e r i o d )  o r  s o l v i n g  t h e  same problem many t imes w i t h  d i f f e r e n t  i n p u t  
data.  
Water resources systems have been modeled as network problems before.  For 
ins tance ,  Hamdan and Meredi th  (1975) r e p o r t  t h a t  a  network a l g o r i t h m  solved t h e i r  
network o f  groundwater and sur face-water  systems i n  o n e - f i  f t e e n t h  o f  t h e  computer 
t ime  r e q u i r e d  by t h e  simplex method. The Texas Water Development Board (1970, 
1971, 1974) a1 so appl  i e d  network a l go r i t hms  i n  t he  model s  t hey  used i n  develop ing 
t h e  Texas Water Plan. 
Because o f  t h e  s t r i c t  form r e q u i r e d  f o r  network f o rmu la t i on ,  n o t  a l l  aspects 
o f  t he  system under cons ide ra t i on  here can be i nc l uded  i n  t h e  model. It w i l l  [ 3  
I shown, however, t h a t  these aspects may e i t h e r  be om i t t ed  from cons ide ra t i on  be-. 
I 
cause t h e y  have l i t t l e  e f f e c t  on t h e  system o r  may be d e a l t  w i t h  h e u r i s t i c a l l y .  
The network a l g o r i t h m  used here was t h e  Share Ou t -o f -K i l  t e r  Network (OKA) 
Rout ine a v a i l a b l e  f rom IBM (1967) and descr ibed by Clasen (1968).  A  b r i e f  over-  
v iew o f  t h e  OKA and network f o r ~ u l a t i o n s  i s  f o l l o w e d  by f o r r r ~ u l a t i o n  o f  t h e  bas ic  
model i n  Sec t ions  4.2 and 4.3. The concept o f  express ing e l e c t r i c a l  power and 
p i p e l i n e  gas f l ows  i n  terms o f  water equ i va len t s  i s  presented. Sec t ion  4.4 d i c -  
cusses t h e  advantages and t h e  disadvantages o f  us i ng  t h e  OKA and compares t h e  
computat ional  r e s u l t s  ob ta ined  by l i n e a r  programming w i t h  those frorn t h e  ou t -o f -  
k i  1  t e r  a1 go r i t hm f o r  t h e  example a p p l i c a t i o n  f o r  I 1  1  i n o i s .  
4.2 NETWORK FORMIJLATION 
The OKA i s  a  ne twork -op t im iz ing  a l go r i t hm.  The t ype  o f  network cons idered 
here, shown i n  F igu re  4.1, c o n s i s t s  o f  a  s e t  o f  nurr~bered p o i n t s  c a l l e d  nodes, i, 

and a  s e t  o f  d i r e c t e d  l i n e  segments c a l l e d  arcs,  ( i ,  j), t h a t  connect p a i r s  o f  
nodes, i and j. These a rcs  can c a r r y  t h e  f l o w  o f  a  commodity such as water  i n  
t h e  d i r e c t i o n  o f  t h e  arrows. Each a r c  i s  assigned a  u n i t  c o s t  and a  lower  and 
upper c a p a c i t y  f o r  t h e  f l o w  i n  t h a t  arc .  For t h e  example network, nodes 1  and 
6 a r e  c a l l e d  t h e  super source and super s i nk ,  r e s p e c t i v e l y .  The network problem 
considered here c o n s i s t s  o f  r o u t i n g  a  known amount, X, o f  a  commodity f rom t h e  
super source through t h e  network t o  t h e  super s i n k  i n  such a  way t h a t  t h e  t o t a l  
c o s t  i s  min imized and t h e  c a p a c i t y  bounds on each a r c  a r e  n o t  v i o l a t e d .  As 
discussed i n  Sec t i on  4.3, i t  i s  impor tan t  t h a t  a l l  f l ows  be o f  a  s i n g l e  commodity 
I n  a  general  mathematical f o r m u l a t i o n  o f  t h e  network, t h e  t o t a l  c o s t  t o  be 
min imized can be w r i t t e n  as: 
M i n r  = 1 'afa a  
where Ca = u n i t  c o s t  o f  a r c  a  
fa = f l o w  on a r c  a  
N = number o f  nodes 
Three se t s  o f  c o n s t r a i n t s  apply.  The f i r s t  s e t  c o n s i s t s  o f  N c o n s t r a i n t s ,  one 
f o r  each node. These c o n s t r a i n t s  i n s u r e  t h a t  K i r c h o f f ' s  law i s  n o t  v i o l a t e d  
f o r  each node; t h a t  i s ,  t h e  amount o f  f l o w  i n t o  t h e  node i s  equal t o  t h e  amount 
o f  f l o w  ou t .  The second s e t  p e r t a i n s  t o  t h e  lower  bounds on t h e  f l o w  i n  each 
a rc .  Those lower  bounds can be.used t o  ensure t h a t  demands, such as these f o r  
e l e c t r i c i t y  o r  p i p e l i n e  gas, w i l l  be met; f o r  example, a  lower  bound on a r c  
(4, 5)  i n  F igu re  4.1 cou ld  be i n t e r p r e t e d  as a  demand a t  node 4. The t h i r d  con- 
s t r a i n t  s e t  r e fe r s  t o  t h e  upper bound on t he  f l o w  i n  each a r c .  Mathemat ica l ly ,  
these c o n s t r a i n t s  may be w r i t t e n  as: 
Set 1  
-bL nodes j 
Set 2  
Jk a rcs  ( i , j )  
Jk a rcs  ( i , j )  
Our water-resources and energy system (see F igu re  5.2) i n v o l v e s  f l ows  o f  
four  d i f f e r e n t  commodit ies: water, gas, e l e c t r i c i t y  and coa l .  A  network formula-  
t i o n  t o  be so lved  by a  network a lgor i thm,  however, must have f l ows  t h a t  can be 
represented by one commodity. Th is  r e s t r i c t i o n  on t h e  f o r m u l a t i o n  i s  a  r e s u l t  
of K i r c h o f f ' s  law as expressed i n  t h e  f i r s t  c o n s t r a i n t  s e t :  t h a t  which f l ows  i n t o  
a  node ( o t h e r  than t h e  source o r  s i n k )  must a l s o  f l o w  o u t  o f  t h e  node. I f  water ,  
gas, and e l e c t r i c i t y  f l ows  a r e  a1 1  t o  be i nco rpo ra ted  i n t o  t h e  des i r ed  network 
f o rmu la t i on ,  t h e y  must be conver ted t o  e q u i v a l e n t  f l ows  o f  a  s i n g l e  commodity. 
The f l o w  of e l e c t r i c a l  power f rom node j t o  node k  can be expressed as t h e  
amount of water  r e q u i r e d  t o  produce t h a t  f l ow .  For example, t h e  p roduc t i on  o f  
x  megawatts (MW) of e l e c t r i c i t y  i s  assumed t o  r e q u i r e  K-x  g a l l o n s  per  minute 
(GPM) of water, where K  i s  a  cons tan t .  As d iscussed i n  Sec t ion  2.2, a r b i t r a r y  
cons tan ts  were used t o  match i n p u t s  and ou tpu ts  o f  energy f a c i l i t i e s .  Us ing t h e  
da ta  from Table 2.1, K  would be 15000/1000 (GPFI/MW) if nuc lea r  c a p a c i t y  i s  assumed. 
Wi th  s i m i l a r  reasoning, an e l e c t r i c a l  power demand, x  MW, c o u l d  be expressed i n  
water  u n i t s  as Kgx. The c o n t i n u i t y  c o n s t r a i n t  f o r  e l e c t r i c  f a c i l i t i e s  i n  sub- 
r e g i o n  j cou ld  be w r i t t e n  as: 
The f i r s t  te rm sums t h e  water  f l ows  from t h e  water sources i n t o  subregion j, 
and t h e  second term g i ves  t h e  e l e c t r i c i t y  f lows o u t  o f  subregion j t o  e l e c t r i c a l  
power demand p o i n t s .  A1 1  f l ows  a re  expressed as water  equ i va len t s  (GPM). I t  i s  
a l s o  necessary t o  a d j u s t  t h e  c o s t  c o e f f i c i e n t s  on t h e  e l e c t r i c i t y  f l ows ,  s i nce  t hey  
a r e  expressed i n  GPM u n i t s .  I f  the  o r i g i n a l  u n i t  c o s t  i s  Cij ($/MW), then t h e  
E E u n i t  cos't, Cij, f o r  fij would be (l /K)Cij.  A c o n t i n u i t y  equa t ion  must a l s o  be 
w r i t t e n  f o r  each e l e c t r i c a l  demand node, j, as f o l l o w s :  
The f i r s t  te rm sums a l l  e l e c t r i c i t y  f l ows  ( i n  GPM equ i va len t s )  i n t o  demand node 
j, and t he  second term rou tes  t h i s  f l o w  t o  t h e  super s ink ,  s. 
I n  a  s i m i l a r  manner, t h e  f l o w  o f  p i p e l i n e  gas (s tandard  cub ic  f e e t  pe r  day, 
SCFD) can be expressed i n  terms o f  t h e  water  r e q u i r e d  t o  produce t h e  gas. The 
convers ion  constant ,  K1, based on t h e  da ta  frorr~ Table 2.1, would be 14000/250 x  
1  o6 (GPMISCFD) . The c o n t i n u i t y  equa t ion  f o r  g a s i f i c a t i o n  f a c i l  i t i e s  i n  subregion.  
j would be: 
The f i r s t  te rm sums t h e  water f l ows  frorn water  sources i n t o  subregion j, 
and t h e  second term sums the  gas f l ows  o u t  o f  subregion j t o  gas demand p o i n t s .  
A l l  f lows a r e  expressed as water equ i va len t s .  I f  t h e  o r i g i n a l  u n i t  c o s t  f o r  
p i p i n g  gas i s  Cij ($/SCFD)y then t h e  u n i t  c o s t  c f o r  f!j cou ld  be ( l /K1)C i j .  
The c o n t i n u i t y  equa t ion  f o r  a  gas demand node j would be: 
The f i r s t  term sums a l l  gas f l ows  (GPM equ i va len t s )  i n t o  j, and t he  second term 
r o u t e s  t h i s  f l o w  t o  t h e  super s i nk .  
A u n i t - s i z e  g a s i f i c a t i o n  p l a n t  i s  assumed t o  r e q u i r e  3000 GPM f o r  process 
water and 11000 GPM f o r  c o o l i n g  water,  g i v i n g  a t o t a l  water requi rement  o f  14000 
GPM. Since process water  cos t s  more t o  develop (because o f  more s t r i n g e n t  t r e a t -  
ment requi rements) ,  t he  cos t ,  Cm, o f  supp ly ing  water  t o  g a s i f i c a t i o n  f a c i l i t i e s  
i s  t h e  weighted average o f  C and Cc: P 
where C and Cc a r e  process-water and coo l ing-wate r  development cos ts ,  r e s p e c t i v e l y .  P 
Note t h a t  t h e  use o f  equ i va len t s  may be a p p l i e d  t o  any system where many 
d i f f e r e n t  commodit ies a re  produced from a s e t  o f  resources o f  which o n l y  one 1 i m i t s  
p roduc t ion .  The procedure i s  the  same as descr ibed above; each p roduc t  f l o w  i s  
expressed as t h e  f l o w  o f  t h e  l i m i t i n g  resource r e q u i r e d  t o  manufacture t h a t  p ro -  
duc t .  S ince a l l  resources except  t h e  l i m i t i n g  resources a r e  abundant, they  need 
n o t  be considered. O f  course, every  s o l u t i o n  should be checked t o  i n s u r e  t h a t  
t h e  abundant resources a r e  n o t  overdrawn. Even i f  they  are,  a h e u r i s t i c  method 
cou ld  mod i fy  t h e  s o l u t i o n  t o  make i t  f e a s i b l e .  
The complete network mathematical f o r m u l a t i o n  o f  t h e  water-resources and 
energy system i s  g i ven  below. The o b j e c t i v e  f u n c t i o n  sums t h e  cos t s  f o r  t he  f l o w s  
o f  water,  e l e c t r i c i t y  and gas ( a l l  i n  water  equ i va len t s ) .  The se t s  o f  a r cs  f o r  
water,  e l e c t r i c i t y ,  and gas f l ows  a r e  represented by A AE, and AG, r e s p e c t i v e l y .  W '  
The nodes a r e  i l l u s t r a t e d  i n  F igu re  4.2 f o r  each c o n s t r a i n t  s e t  as i n d i c a t e d  by 
t h e  c a p i t a l  l e t t e r s  i n  parentheses. 
Such t h a t :  
4- nodes rep resen t i ng  water  source (4.11 ) 
p o i n t s  and MID p o i n t s  (A,B,C, and. D) 
4- nodes rep resen t i ng  e l e c t r i c i t y  (4.12) 
supply  p o i n t s  (E) 
V. nodes represent ing  gasi  f i c a t i o r ~  (4.13) 
supply  p o i n t s  (F) 
E E = O  
I I '-ij - f j s  V. nodes represent ing  e l e c t r i c i t y  (4.14) i demand po in t s  (G) 
G G 1 fij - fjs = 0 V. nodes represent ing  gas demand (4.15) 
i p o i n t s  ( H I  
: I 
and each f low,  fij, i s  w i t h i n  t he  range giver1 by the  upper and lower l i m i t s ,  
W E Ui and Li j, respec t i ve l y .  Where fij, fi j, and ffFj represent  f lows o f  water, 
W I e l e c t r i c i t y ,  and gas, respec t i ve l y ,  a l l  expressed i n  water u n i t s  (GPM). Uii " 
W E E G G (Lij), Ui (Li j), and Uij (Li j) r e f e r  t o  t he  upper ( lower )  c a p a c i t i e s  o f  arcs I t h a t  c a r r y  water, e l e c t r i c i t y ,  and gas respec t i ve l y .  This  f o rmu la t i on  y i e l d s  a  
I network rep resen ta t i on  o f  the  system i n  terms o f  a  s i n g l e  commodity, water, and 
I i t  can be solved us ing  the  o u t - o f - k i l  t e r  a lgo r i t hm o r  any o the r  transshipment 
a1 g o r i  thp. A d e t a i l e d  example i s  descr ibed below t o  il l u s t r a t e  t h e  fo rmula t ion .  
The s t a t i c  model f o r  I l l i r ~ o i s  i s  i l l u s t r a t e d  i n  F igure  4.2. It has 245 
I nodes and 6922 arcs.  Nodes 1  and 245 i n d i c a t e  the  super source and super s ink ,  
respec t i ve l y .  The arcs  leav ing  node 1  have upper bounds t h a t  r e f l e c t  t he  a v a i l a -  
I b i l i t y  o f  water a t  t he  d i f f e r e n t  water sources. The water sources, SW1, SW2, SW3, 
represent  t h e  upper, middle, and lower segments o f  t h e  M i s s i s s i p p i  River ,  respec- 
1 t i v e l y .  They must be handled d i f f e r e n t l y  f rom the  o t h e r  water sources, s ince  the  water a v a i l a b l e  i n  the  two downstream segments i s  equal t o  t h e  sum o f  t h e  
water a v a i l a b l e  i n  each o f  those r i v e r  segments p lus  upstream water supp l ies  t h a t  
have n o t  been withdrawn. Arcs (SW1, SW2) and (SW2, SW3) rr~ust t he re fo re  be i n -  
c luded t o  represent  the t r a n s p o r t  o f  a v a i l a b l e  upstream water t o  t he  downstream 
I 
I segments o f  t he  r i v e r .  The s e t  o f  a rcs  from node 1  t o  the  t h i r t y  d i f f e r e n t  
water sources c o n s t i t u t e s  c lass  1. 
i Class 2  a rcs  a r e  those from the water sources t o  t he  count ies.  A county may 
i be represented by 1, 2  o r  3  nodes, each represent ing  one o f  t h ree  poss ib le  water 
i 
i demands w i t h i n  t he  county: MID, coal  g a s i f i c a t i o n ,  and e l e c t r i c a l  power generat ion. 

A1 1  coun t i es  a r e  p o t e n t i a l  l o c a t i o n s  f o r  e l e c t r i c a l  genera t ing  capac i ty ,  59 a r e  
s u i t a b l e '  f o r  coa l  g a s i f i c a t i o n ,  and 44 w i l l  r e q u i r e  a d d i t i o n a l  MID f o r  1980. Thus, 
205 nodes a r e  r e q u i r e d  t o  represen t  102 coun t ies .  
From t h e  coun t ies ,  t h e  gas and e l e c t r i c i t y  nodes r o u t e  wate r -equ iva len t  f l ows  
o f  power t o  t h e  gas and e l e c t r i c i t y  demand nodes, r e s p e c t i v e l y .  The MID nodes 
send t h e i r  f l ows  t o  t h e  super s ink .  Th i s  s e t  o f  a r cs  c o n s t i t u t e s  c l a s s  3. The 
a rcs  f rom t h e  demand nodes t o  t h e  super s i n k  have lower  bounds which r e q u i r e  t h a t  
t h e  water ,  gas and e l e c t r i c i t y  demands be met. The cos t s  and bounds f o r  a l l  o f  
t h e  a r c s  i n  t h e  network a r e  summarized i n  Table 4.1. 
4.3 - DISCUSSION AND C0NI:LUSIONS 
The advantage o f  network a l go r i t hms  over  t h e  simplex method i s  t h a t  t hey  a r e  
f a r  more e f f i c i e n t  computat ional  ly ,  r e s u l t i n g  i n  reduced computer t imes and cos ts .  
The OKA i s  easy t o  use, r e q u i r i n g  o n l y  a  smal l  deck o f  cards coded i n  Fo r t r an .  
There i s ,  however, a  disadvantage: s i nce  t h e  mathematical  form r e q u i r e d  by network 
a l go r i t hms  i s  a  spec ia l  form o f  t h e  LP problem, c e r t a i n  c o n s t r a i n t s  f rom t h e  more 
general  LP model presented e a r l  i e r  cannot be i nco rpo ra ted  i n t o  t h e  OKA fo rmu la t i on .  
Two p o s s i b l e  responses t o  t h i s  s i t u a t i o n  are:  
( 1 )  I f  t h e  OKA s o l u t i o n  s a t i s f i e d  t h e  c o n s t r a i n t  i n  ques t ion ,  t h e  
OKA s o l u t i o n  can be accepted as s a t i s f a c t o r y .  
( 2 )  I f  t h e  OW s o l u t i o n  v i o l a t e s  t h e  c o n s t r a i n t  i n  ques t ion ,  
a  h e u r i s t i c  method may be used t o  mod i fy  t h e  OW s o l u t i o n  
i n  such a  way t h a t  t h e  c o n s t r a i n t  i s  n o t  v i o l a t e d .  
The h e u r i s t i c  s o l u t i o n  may n o t  be op t ima l ,  b u t  i d e a l l y  i t  w i l l  be a  good s o l u t i o n  
a t t a i n e d  w i t h  f a r  more coniputat ional  e f f i c i e n c y  than t h a t  r equ i red  by LP methods. 
Furthermore, such h e u r i s t i c s  a re  app rop r i a te  f o r  a  simp1 i f i e d  p r e l  im ina ry  screen- 
i n g  model . 
  here a r e  two c o n s t r a i n t  se t s  t h a t  cannot be i nco rpo ra ted  i n t o  t h e  OW formula-  
t i o n  and a r e  v i o l a t e d  by t h e  OKA s o l h t i o n s .  S ince o n l y  one commodity can be con- 
s idered,  c o n s t r a i n t s  cannot be added t o  l i m i t  d i r e c t l y  t he  supply  o f  coal  i n  each 
Table 4.1 - Sumnary of Network Data 
Arc ( i , j )  Arc Descri p t  ion 
C1 ass i j Lower Bound, L ( i  , j )  Upper Bound, U(i , j )  Cost, C ( i , j )  
1 super source water source 0 water avail abi 1 i t y  0 
a t  source i 
2 water source MID node 
water source 
water source 
3 MID 
e l e ~ t r i c i t y ~ s u p p l y  
node 
gas supply nodea 
e l ec t r i c i ty  supply 0 
node 
gas supply node 0 
super sink MI D 
e l ec t r i c i ty  demand 0 
node 
gas demand node 0 
(D water supply cost 
00 water supply cost 
a water supply cost 
MID 0 
00 el ec t r i  c i ty  trans- 
mission cost 
OD gas transmission 
cost 
4 e l ec t r i c i ty  demand super sink e l ec t r i c i ty  demand 00 0 
node 
gas demand node super sink gas demand 00 0 
a flows must be i n  water equivalents 
county o r  t o  a l l o w  more than one type  o f  e l e c t r i c a l  generat ion.  ( L i m i t s  can, 
however, be p laced on g a s i f i c a t i o n  and e l e c t r i c a l  power genera t ion  separa te ly ) .  
The omission o f  these c o n s t r a i n t s  i n  t h e  f o r m u l a t i o n  i s  n o t  as ser ious  as i t  may 
seem. Since I l l i n o i s  has abundant coal  reserves,  we found t h a t  the  coal  supply  
c o n s t r a i n t s  were t i g h t  i n  o n l y  f o u r  o r  f i v e  count ies.  I n  f a c t ,  i n  some count ies  
t h e  p l a n t  c a p a c i t i e s  were so l a r g e  t h a t  they  migh t  be reduced because o f  o t h e r  
s o c i a l ,  p o l i t i c a l ,  o r  environmental  cons idera t ions .  A p r a c t i c a l  approach, which 
would r e a d i l y  f i t  i n t o  t he  network model, would be t o  impose l i m i t s  on t h e  t o t a l  
p l a n t  capac i t y  o f  each type i n  each subregion. 
An easy and computa t iona l l y  e f f i c i e n t  s o l u t i o n  method may be t o  modi fy  t h e  
network a l g o r i t h m  s o l u t i o n  w i t h  a h e u r i s t i c  s tep  i f  t h e  network a l g o r i t h m  y i e l d s  
a s o l u t i o n  which i s  op t ima l  b u t  i s  n o t  r e a l l y  f e a s i b l e  because o f  t h e  e x t r a  con- 
s t r a i n t s .  
Future research should be d i r e c t e d  toward developing a1 t e r n a t i v e  s o l u t i o n  
procedures more f u l  ly .  Several  a1 t e r n a t i v e  approaches should be examined. For  
instance,  i t  can be shown t h a t  a  network-wi th-gains a l g o r i t h m  can be used t o  i n -  
corpora te  bo th  nuc lear  and c o a l - f i r e d  e l e c t r i c i t y  capac i t y  i n t o  t h e  network 
f o rmu la t i on .  A network w i t h  ga ins (see Jewel 1  , 1962; Johnson, 1966; Maurras, 
1972) i s  a  more genera l i zed  network where t he  c o n t i n u i t y  o f  f l o w  a t  a  node i s  
expressed as: 
I f  t h e  network s o l u t i o n  i s  i n f e a s i b l e  because o f  l i m i t s  on coal  use o r  o t h e r  con- 
s t r a i n t s ,  another  approach i s  t o  use t h e  dual  s implex a l g o r i t h m  s t a r t i n g  w i t h  t h e  
network s o l u t i o n .  Th is  approach would produce t h e  op t ima l  s o l u t i o n ,  and t h e  com- 
p u t a t i o n  t ime would most l i k e l y  be s i g n i f i c a n t l y  l e s s  than t h a t  r equ i red  by t h e  
o r i d i n a r y  LP method. Also, h e u r i s t i c  rr~ethods can be used t o  p rov ide  good, f e a s i b l e  
s o l u t i o n s  i n  rnany cases. Several poss ib le  h e u r i s t i c s  e x i s t .  For  example, i f  coal  
c o n s t r a i n t s  a r e  needed b u t  are v i o l a t e d  i n  a network s o l u t i o n ,  a  f e a s i b l e  s o l u t i o n  
cou ld  be ob ta ined  by s imp ly  in te rchang ing  some of t he  nuc lear  and c o a l - f i r e d  
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e l  e c t r i c i  t y  c a p a c i t i e s  o r  by moving t h e  excess c a p a c i t y  t o  nearby subregions 
where coa l  i s  a v a i l a b l e .  These h e u r i s t i c  changes cou ld  be made w i t h  ve ry  s imple 
c a l c u l a t i o n s .  
In some cases, changes i n  t h e  network s o l u t i o n  may l e a d  t o  t h e  op t ima l  
s o l u t i o n  which would be ob ta ined  u s i n g  LP. For example, t h e  LP model a l l ows  
g a s i f i c a t i o n  f a c i l i t i e s  t o  draw process water f rom one source and c o o l i n g  water  
from another  source. On t h e  o t h e r  hand, a l though t he  OKA w i l l  a l l o w  these 
f a c i l i t i e s  t o  draw water  f rom more than one source, each source must send a  mix  
o f  coo l  i n g  and process water  i n  t h e  same p r o p o r t i o n  as t h e  mix  requ i red  by a  u n i t  
p l a n t .  I n  t h e  example a p p l i c a t i o n  comparing t h e  LP and t h e  OW methods, t h i s  
s p l i t - f l o w  i ssue  arose once i n  Madison county.  The LP s o l h t i o n  c a l l s  f o r  t h e  
Madison county  g a s i f i c a t i o n  f a c i l i t i e s  t o  wi thdraw process water  f rom a  ground- 
water  source and c o o l i n g  water f rom t h e  M i s s i s s i p p i  R iver .  S ince t h e  ground- 
water  i s  o f  h i ghe r  qua1 i t y ,  i t  makes sense t o  use i t  f o r  process water  w h i l e  t h e  
sur face  water  i s  used f o r  c o o l i n g .  The OKA s o l u t i o n ,  on t h e  o t h e r  hand, s p e c i f i e d  
t h a t  t h e  Madison county  g a s i f i c a t i o n  f a c i l i t i e s  would wi thdraw water  f rom t h e  
same two sources, b u t  c o o l i n g  and process water  were withdrawn f rom each. Th i s  
s i t u a t i o n  can e a s i l y  be remedied by h e u r i s t i c a l l y  r eass ign ing  f lows .  
The f i r s t  v a r i a t i o n  o f  t h e  bas i c  LP model was r u n  f o r  t h e  I l l i n o i s  case 
us ing  MPSX (IBM, 1971 and IBM, 1973) on t he  IBM 360175 a t  t h e  U n i v e r s i t y  o f  I l l i n o i s .  
S t a r t i n g  w i t h o u t  a  bas is ,  i t  r e q u i r e d  approx imate ly  seven minutes t o  execute a t  
a  c o s t  o f  $36. The IBM SHARE OW Rout ine so lved t h e  network i n  3.8 minutes a t  a  
c o s t  o f  $18. The r e d u c t i o n  i n  t ime  and c o s t  i s  s i g n i f i c a n t ,  and t h e  d i f f e r e n c e  
i s  even more d ramat ic  than i t  appears f rom t h i s  comparison because t h e  IBM SHARE 
code used i s  outdated.  As i n d i c a t e d  by H u l t z  e t  a2.. (1976) t h e r e  a r e  a t  l e a s t  
two codes which a r e  v a s t l y  supe r i o r .  I n  p a r t i c u l a r ,  r e s u l t s  f rom severa l  runs i n  
which va r i ous  codes were t e s t e d  on l a r g e  t ransshipment  problems i n d i c a t e  t h a t  
SUPERK, a  more r e c e n t  OW code, so lved t h e  t e s t  problems i n  about one - fou r t h  o f  
t h e  t i m e  r e q u i r e d  by IBM SHARE. Another code, PNET-I, a  spec ia l  p r ima l  s implex 
a1 g o r i  thm, r e q u i r e d  o n l y  approx imate ly  one- tenth o f  t h e  t ime  r e q u i r e d  by SHARE. 
Based on t h i s  e m p i r i c a l  evidence, i t  appears t h a t  t h e  network descr ibed  here cou ld  
be so lved us ing  a v a i l a b l e  computer codes w i t h  s o l u t i o n  t imes v a s t l y  improved over  
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those ind ica ted .  For instance,  t h e  $18 cos t  might  be reduced t o  approximately 
$2 i f  PENT-I were used. Th is  saving becomes impor tan t  i f  we consider  l a r g e r  
problems such as the  m u l t i p e r i o d  problem o r  t h e  water-energy systems o f  more 
than one s t a t e .  
Present research i s  i n v e s t i g a t i n g  i n  d e t a i l  severa l  poss ib le  h e u r i s t i c  
methods o f  mod i fy ing  t h e  OKA so lu t i ons .  The use o f  a network a lgo r i t hm and 
h e u r i s t i c  methods w i l l  very l i k e l y  lead  t o  r e l a t i v e l y  e f f i c i e n t  rnethods o f  
eva lua t i ng  a water-resources and energy system f o r  p r e l i m i n a r y  screening purposes. 
APPENDIX A: MULTIPERIOD PROBLEMS 
The p lann ing  ho r i zon  used i n  a  g iven  a p p l i c a t i o n  can be d i v i d e d  i n t o  severa l  
t irne per iods,  so l a r g e r  demands f o r  water,  e l e c t r i c a l  power, and p ipe1 i n e  gas can 
be s p e c i f i e d  f o r  each successive pe r i od .  The mathematical models can be r e a d i l y  
extended t o  handle severa l  t ime per iods ,  and i n  some cases t h e  a d d i t i o n a l  r e a l i s m  
may be wor th  t h e  e x t r a  computing expenses. Th is  appendix descr ibes  how the  gen- 
e r a l  l i n e a r  programming model and t h e  network model can be extended, us i ng  two 
t in le  per iods  as an example. The sarrle approach, however, can be taken f o r  any 
number o f  per iods .  
One s e t  o f  v a r i a b l e s  (as o u t l i n e d  i n  Chapter 2 )  i s  used t o  desc r i be  t he  com- 
mod i ty  f l ows  and energy c a p a c i t i e s  f o r  t h e  f i r s t  per iod ,  and a  s i m i l a r  s e t  o f  
I 
v a r i a b l e s  i s  used f o r  t h e  second t ime per iod .  For example, dim a n d d  im can be 
used t o  s p e c i f y  t he  amount o f  groundwater t r anspo r ted  f rom source i t o  subregion 
m  d u r i n g  t h e  f i r s t  and second per iods,  r e s p e c t i v e l y .  
Supply c o n s t r a i n t s  f o r  each commodity a r e  w r i t t e n  as i n  Chapter 2. For i n -  
stance, t h e  supply  c o n s t r a i n t  f o r  groundwater source i would be: 
The t o t a l  o f  t h e  two wi thdrawal  r a t e s  must be l e s s  than o r  e q u a l t o  t h e  supply  
a v a i l a b l e  a t  source i. 
,One c o n s t r a i n t  i s  a l s o  needed f o r  t h e  new demand f o r  each p roduc t  i n  each 
t irne per iod .  For exarnple, i f  MID1 and PIID2 rep resen t  t h e  MID demands f o r  a d d i t i o n a l  
water  i n  each per iod ,  t h e  t he  f o l l o w i n g  c o n s t r a i n t s  a re  needed: 
S i m i l a r . c o n s t r a i n t s  a r e  needed fo r  e n e r g y - f a c i l i t y  wa te r  demands and f o r  e l e c t r i c i t y  
and p i  pe l  i n e  gas demands. 
The number o f  v a r i a b l e s  r e q u i r e d  i n  a  two-per iod f o r m u l a t i o n  would be approx i -  
ma te l y  double t h e  nurnber r equ i red  f o r  a  s i ng le -pe r i od  f o rmu la t i on .  The number o f  
c o n s t r a i n t s  would inc rease  by l e s s  than  double because new c o n s t r a i n t s  a r e  needed 
o n l y  f o r  t h e  demands. The c o s t  c o e f f i c i e n t s ,  o f  course, would be d iscounted f o r  
t h e  second t ime per iod .  
The m u l t i p e r i o d  problem can be fo rmu la ted  as a  network problem by d u p l i c a t i n g  
p a r t  o f  t h e  network f o r  each per iod.  Since t h e  resources a r e  assumed cons tan t  
over  t ime,  t h e i r  nodes a r e  drawn o n l y  once. The nodes rep resen t i ng  subregions and 
demands, however, must be dup l i ca ted .  Flows d u r i n g  t h e  f i r s t  pe r i od  c i r c u l a t e  
through t h e  o r i g i n a l  s e t  o f  nodes and a rcs ,  w h i l e  f l ows  d u r i n g  t h e  second p e r i o d  
a r e  r e s t r i c t e d  t o  t h e  second s e t  o f  nodes and a rcs .  P a r t  o f  a  mu1 t i p e r i o d  n e t -  
work f o r  a  two-per iod problem i s  shown i n  F igu re  A.1. The r i v e r - w a t e r  nodes r e -  
p resen t  resources and a r e  drawn once. Flows f o r  t h e  two pe r i ods  a r e  rou ted  i n  
p a r a l l e l  th rough  c o a l - g a s i f i c a t i o n  nodes and gas demand nodes t o  t h e  super s i nk .  
The complete network would be drawn i n  a  s i m i l a r  way t o  i n c l u d e  a l l . o f  t h e  ca te -  
g o r i e s  o f  nodes and a rcs  as g i ven  i n  F igu re  4.2. As d iscussed i n  Chapter 4, a l l  
f l ows  would be cons idered i n  terms o f  wa te r  equ iva len ts .  

APPENDIX B: ANALYSIS OF COSTS OF TRANSPORTING COAL, 
WATER, PIPELINE GAS, ANCl ELECTRICITY 
The models presented here  were demonstrated us i ng  t h e  assumption t h a t  
coa l  f rom w i t h i n  I 1  1  i n o i s  would n o t  be t r a n s p o r t e d  t o  new power p l a n t s  
l o c a t e d  on waterways. Ins tead ,  i t  was assumed t h a t  wa te r  would be piped, 
i f  necessary, t o  power p l a n t s  l o c a t e d  a t  t h e  coa l  source. T h i s  assumption 
f o l l owed  an economic a n a l y s i s  o f  t h e  c o s t s  o f  t r a n s p o r t i n g  t h e  resources,  
wa te r  and coa l ,  and t h e  product ,  p i p e l i n e  gas o r  e l e c t r i c i t y .  The wate r  
requi rements  were based on t h e  use o f  coo l  i n g  towers ( o r  spray ponds o r  
c o o l i n g  ponds) r a t h e r  than  once-through c o o l i n g ;  i t  would n o t  be economical, 
of course, t o  p i p e  wate r  l o n g  d i s t ances  f o r  once-through coo l i ng .  
For  example, t h e  cos t s  o f  t r a n s p o r t i n g  water ,  coa l ,  and p i p e l i n e  gas 
f o r  an a r b i t r a r y  u n i t - s i z e  p l a n t  were eva lua ted  u s i n g  t h e  f o l l o w i n g  c o s t  
equa t ions  ( g i v e n  i n  annual c o s t  form u s i n g  1973 do1 l a r s ) .  
Coa 1  
( 1 6 0 m n s  per  day) 
Water 
(220-m) 
Cc = .20(365) ( L '  5, ( 1  6000 t o n s l d a y )  (B. 1 ) 
Cw = 2.4(L)  (22000' gpm) (B.2) 
Pipe1 i n e  Gas 
(250 m i l l  i o n  SCFD) = 56(L ) (250  m i l l i o n  SCFD) ( ~ . 3 )  
where i n  each case L  i s  t h e  d i s t a n c e  ( m i l e s )  t h a t  t h e  g i ven  commodity i s  
t ranspor ted .  The t h r e e  equa t ions  a r e  d e r i v e d  f rom Mu tsch le r  e t  a l .  (1973),  
Singh e t  a l .  (1972),  and t h e  Federal  Power Commission Bureau o f  Na tu ra l  Gas 
(1974),  r e s p e c t i v e l y .  It can r e a d i l y  be shown t h a t ,  u s i n g t h e s e  c o s t  e s t i -  
mates, f o r  smal l  va lues o f  L  i t  would be more c o s t l y  t o  t r a n s p o r t  coa l  f rom 
any p o i n t  A t o  any wate r  supp ly  p o i n t  B  than  i t  would be t o  t r a n s p o r t  wa te r  
f rom B  t o  A and t o  t r a n s p o r t  t h e  p roduc t  f rom A back t o  B, i f  necessary. 
T h i s  r e s u l t  ho lds  f o r  any va lue  of L  l e s s  than about  300 m i l e s  us i ng  t h e  
equat ions  shown. ( T h i s  d i s t a n c e  exceeds t h e  d i s t ances  cons idered  i n  t h e  example 
s tudy . )  It should  be noted t h a t  t h e  above comparison assumed a  r a t h e r  l a r g e  
wate r  requ i rement  o f  22000 gpm f o r  a  u n i t - s i z e  c o a l - g a s i f i c a t i o n  p l a n t ;  a  lower  
requi rement ,  such as t h e  14000 gpm listed i n  Table  2.2 f o r  t h e  example problem, 
would s t r eng then  t h e  r e s u l t .  
S i m i l a r  r e s u l t s  were reached a f t e r  an a n a l y s i s  fo r  c o a l - f i r e d  s t eam-e lec t r i c  
power p l a n t s .  The water  and coa l  requ i rements  and t h e  e l e c t r i c i t y  produced by an 
a r b i t r a r y  u n i t - s i z e  p l a n t  a r e  g iven  i n  Tab le  2.2, and Equa t ion  B.4 was used t o  
es t ima te  e l e c t r i c i t y  t r ansm iss i on  cos ts .  
E l e c t r i c i t y  Transmiss ion 
(MW) 
Thus, i t  was assumed i n  t h e  example a p p l i c a t i o n  o f  t h e  models t h a t  coa l  
would n o t  be t r anspo r t ed  s i g n i f i c a n t  d i s t ances  w i t h i n  I 1  1  i n o i s  t o  p l a n t s  l o c a t e d  
a t  wa te r  sources. I n  o t h e r  cases, o f  course, t h e  r e l e v a n t  c o s t  f u n c t i o n s  and 
t h e  c r i t i c a l  values o f  L (such as t h e  300 m i l es  mentioned above) cou ld  be 
d i  f f e r e n t ;  and, i f necessary, coa l  shipments cou ld  be r e a d i l y  i n c o r p o r a t e d  i n t o  
t h e  models. The a d d i t i o n a l  v a r i a b l e s  and 1  i n e a r  c o n s t r a i n t s  t h a t  would be needed 
a r e  presented i n  t h e  general  f o r m u l a t i o n  g i ven  i n  Chapter 2. Such a  change 
m igh t  be necessary when c o n s i d e r i n g  once-through c o o l i n g ,  s i g n i f i c a n t l y  d i f f e r e n t  
c o s t  r e l a t i o n s h i p s ,  o r  ve ry  l o n g  t r a n s p o r t a t i o n  d i s t ances .  
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